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 ABSTRACT
Capitella capitata, formerly regarded as a single opportunistic, cosmopolitan polychaete species, 
characteristically present in dense populations in highly disturbed environments, has subsequently 
been shown to consist of a closely related complex of an unknown number of sibling species. 
Previous studies in our laboratory have shown response differences between Capitella species when 
exposed to fluoranthene (Flu), a 4-ringed PAH. Of the two species addressed in this study, 
Capitella sp. I was found to be physiologically better adapted (i.e., more tolerant) to Flu- 
contaminated sediments compared to the sibling species Capitella sp. S. In the present study an 
investigation was performed to examine whether differences in tolerance between the two Capitella 
species are due to differences in activity of biotransformation, measured as the amount of Flu-
metabolites produced. We found that Capitella sp. I took up more Flu from the sediment than sp. S, 
but that sp. I was also much more effective at biotransforming this PAH, while the net amounts of 
parent Flu accumulated by the two species were similar. The ability to biotransform was reflected in 
accumulation patterns of Flu in the two species, as Capitella sp. I primarily accumulated Flu 
metabolites in the cytosol and sp. S mainly accumulated untransformed Flu in the membrane 
fraction. Due to moderate biotransformation ability in sp. S and the fact that Flu needs 
biotransformation to become genotoxic, Flu exposure was not associated with increased DNA 
damage in the cells of the sensitive species (i.e., sp. S) measured by the comet assay. As DNA 
damage (and implementation of the comet assay) often is used as a biomarker of exposure to and 
effects of PAH, the usefulness of this assay and DNA damage as a environmental biomarker must 
be questioned on the basis of the results achieved in this study and the fact that DNA damage is 
tightly coupled to biotransformation ability. 
Furthermore, since the two species showed such remarkable differences in response to Flu 
exposure, differences in general condition (measured as energy reserves), between the two species 
were examined, to test whether organisms under stress measurably alter the composition of stored 
energy. Capitella sp. I and sp. S were exposed to different concentrations of Flu-contaminated 
sediments and analysed for protein-, glycogen- and lipid content. There was no evidence for a more 
pronounced effect of Flu exposure in Capitella sp. S compared to sp. I by any of the parameters 
measured. Capitella sp. I did however show a decrease in lipid content, probably as a result of 
higher energy demand for biotransformation. When unexposed, the two species showed significant 
differences in the amount of protein, glycogen, and lipid, as Capitella sp. I contained more lipids 
and less protein than sp. S.  
Overall, this study demonstrated that tolerance to PAHs (such as Flu) is greatly affected by the 
  
 
 
ability to biotransform, as many of the intracellular and extracellular events are influenced by the 
hydrophilicity/lipophilicity of the toxicants. Furthermore, it is clear that other aspects of PAH 
toxicity may be more relevant than DNA damage for predicting tolerance differences between 
species. Also, that two so closely related species can show such contradictory relationships between 
biochemical responses and earlier observed life table responses demonstrates that biomarkers, such 
as DNA damage and energy storage depletion, cannot be used as simple predictors of whole 
organism responses to toxicants. However, the dissimilarity in the responses to Flu exposure 
between the two species open up for some very interesting prospective research areas such as: 
differences in the induction of biotransformation genes, membrane effects caused by Flu exposure 
and differences in ability to utilize organic rich food sources. 
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PREFACE
Pollutants such as PAHs have become a major problem in the marine environment; Yet, some 
species have evolved mechanisms that make them more tolerant to pollutants than other organisms. 
The aim of this thesis was to assess some of the underlying mechanisms that make one species more 
tolerant than another. 
 
The thesis is written to conclude my Master's dissertation project in Environmental Biology and 
Molecular Biology at the Department of Life Sciences and Chemistry, Roskilde University, 
Denmark. The bulk of this thesis is based on experimental work, which is described in two papers, 
paper I: 'Difference in PAH tolerance between Capitella species: Underlying biochemical 
mechanisms' (submitted to Aquatic Toxicology) and paper II: 'Comparative study on the effect of 
fluoranthene on energy reserves in two marine polychaetes from the species complex Capitella 
capitata'. In addition to description of the experimental part of the project, the thesis also includes a 
theoretical section that describes the model organism, model compound and the main mechanisms 
assumed to cause differences in species tolerance.    
 
I would like to acknowledge the following persons, who all in some way contributed to the process 
of this thesis. Thanks to my supervisors, Lene Juel Rasmussen and Valery Forbes, for excellent and 
inspiring guidance throughout the process. I am particularly thankful to Annemette Palmqvist, for 
all the valuable discussions –minor as major and for the sustained co-supervision all along the way. 
Besides, Henriette Selck for method discussions and guidance, and Lise Maarup for technical lab 
help. I would like to thank Jette Rank and Klara Jensen at Department of Environment, Technology 
and Social Science for usage and guidance to the comet assay scoring software application. Finally, 
I would like to show gratitude to friends and family, for involvement and support in both personal 
and scientific issues.  
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INTRODUCTION AND STUDY AIMS 
Exposure of an organism to toxicants, such as PAHs may result in physiological damage and even 
death. Some species have however the ability to adapt and resist high concentrations of these 
toxicants in their natural environment. In general, resistance can be achieved either by avoidance, 
i.e. protection from external toxicants, or by tolerance, i.e. coping with effects of internal toxicants 
in a way which allows the organism to function normally. Tolerance may be based on genetic 
evolution of tolerant genotypes or acquired through acclimation of plastic phenotypes (Baker 1987).  
Marine invertebrates are often exposed to a variety of environmental toxicants and their physical 
condition/survival largely depends on their tolerance and ability to deal with the toxicants. 
Understanding the causes of variability among organisms in their responses to toxicant exposure is 
therefore of central importance, as such differences may be essential for understanding the 
mechanistic basis of responses to toxicants and are in addition of practical relevance for 
ecotoxicological testing and risk assessment. 
Capitella capitata is an example of a species complex in which some of the species show 
remarkable differences in tolerance. The overall aim of this thesis addresses the topic of species 
sensitivity to the PAH, fluoranthene, in the two polychaete sibling species, Capitella sp. I and sp. S. 
It is focused on the underlying mechanism(s) for the observed differences in tolerance between the 
two species and the subsequent different reaction patterns. The study includes comparisons of 
biotransformation ability, subcellular distribution of fluoranthene, levels of DNA damage, protein-, 
lipid-, and glycogen storage content, all of which will be described in the two papers (paper I and 
paper II), which constitute the bulk of the thesis.  
In paper I, the objective was to examine whether the difference in tolerance to Flu between 
Capitella sp. I and sp. S is due to differences in biotransformation ability and if such differences 
result in differences in the cellular distribution of Flu and/or Flu metabolites. The latter may provide 
evidence of a target site for the toxic compound and may suggest further causes for the tolerance 
difference between the two species. Additionally, the time dependence of DNA damage during Flu 
exposure in Capitella sp. S was examined to evaluate whether the sensitivity to Flu of sp. S is 
related to genotoxicity (i.e. DNA damage) of Flu and/or a less efficient DNA repair compared to 
that previously seen in sp. I. 
In paper II, the aim was to examine the general condition of the two Capitella species in terms of 
energy reserves, as it is not clear whether these worms, during stressful situations (e.g., Flu 
exposure) relocate energy from growth to reproduction, or vice versa, or if such an action is species 
dependent. Analyses of protein, lipid, and glycogen content were performed on worms exposed to 
 6
Tolerance differences between Capitella sp. I and sp. S  to fluoranthene 
 
Flu to investigate for any differences in energy storage between Capitella sp. I and sp. S and for any 
effects of Flu on deposition of energy reserves. 
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MODEL ORGANISM - CAPITELLA  
The polychaete Capitella capitata belongs to the capitellidae family and since first being described 
by Fabricius over 200 years ago, has been studied extensively. Capitella was at first considered a 
single cosmopolitan species but was later shown to be a large complex of more than 50 cryptic 
sibling species. The sibling species were first recognized at the enzyme level (Grassle and Grassle 
1976), and subsequently they were found to differ also in their ultrastructure, developmental and/or 
physiological and ecological characteristics and requirements (Eckelbarger and Grassle 1987, 
Gamenick et al. 1998; Linke-Gamenick et al. 2000a). As a result of these investigations, a 
considerable number of Capitella 'types' or 'species' has been distinguished (Pearson and Pearson 
1991). However, the adult morphology is so similar among the species that no effort has been made 
to separate the complex with proper taxonomic descriptions. 
 
  
 
Fig. 1. Photos of Capitella sp. I (A) and sp. S (B). 
Photos: Bach 2004 
A B 
 
 
The Capitella species are all small infaunal light red worms that thrive in organically enriched 
marine sediments. Accordingly, the presence of Capitella is widely used as an indicator for polluted 
marine sediments, and although this species has been described as pollutant tolerant, more recent 
work has shown marked differences in tolerance to toxicants among the sibling species (Gamenick 
and Giere 1994; Gamenick et al. 1998; Linke-Gamenick et al. 2000a; Linke-Gamenick et al. 
2000b). The relative success of the different Capitella species appears to be due to combinations of 
tolerance to stress factors and specific life-history traits such as time to maturation, brood size and 
growth rate (see table 1 for summary). Within the species complex, Capitella sp. I is the best known 
species and is the most opportunistic of the sibling species so far described. Less is known about the 
sibling species sp. S, however this species is recognized as being less opportunistic and less tolerant 
to stress factors including toxicants. 
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Table 1. Summary of differences among two Capitella species, sp. I and S. 
Capitella sp. I Sp. S 
ECOLOGICAL CHARACTERISTICS:   
Site of collection Setauket Harbour, NY, USA Sylt, Germany 
Sex  female/male/hermaphrodite female/male 
Maturation size (mm3)  6.2 ± 1.7 2.0 ± 0.4 
Age at maturity (d)  41 ± 10 59 ± 1 
Age at first reproduction (d)  76 ± 10 115 ± 20 
Eggs number  30-400 30-50 
Larval mode  Lecithotroph Benthic 
Juvenile specific growth rate (% d-1)  15.3 ± 2.4 9.7 ± 1.0 
   
PHYSIOLOGICAL TOLERANCE:   
Tolerance to anoxia High Low 
Tolerance to sulphide High Low 
LT50 (d) (0 µg Flu/g dry wt sed)  104 108 
LT50 (d) (20 µg Flu/g dry wt sed)  124 104 
LT50 (d) (95 µg Flu/g dry wt sed)  131 10 
References: Linke-Gamenick et al. 2000a; Gamenick et al. 1998. 
 
 
Capitella, like other deposit feeders, burrows through the sediment and obtains nutrients from 
ingested sediment particles. The worm ingests sediment in the top few centimeters of the sediment 
surface while depositing gut contents on the sediment surface from the posterior end that protrudes 
at the sediment-water interface (Grassle and Grassle 1974; Grassle and Grassle 1976). As a result of 
living in contaminated areas, Capitella is continually exposed to sediment-associated toxicants, 
which it is likely to accumulate both via dietary exposure and through epidermical contact (Forbes 
et al. 1996; Selck et al. 2003a). Besides being a bioturbator that deposits faecal pellets at the 
sediment surface and thereby remobilizes buried toxicants back into the feeding zone for shallower 
feeding organisms (Madsen et al. 1997), Capitella is also an important prey organism for higher 
trophic levels (e.g., fish) and has the potential to play an essential role in bioaccumulation of 
toxicants such as PAHs.  
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MODEL COMPOUND -FLUORANTHENE  
Polyaromatic hydrocarbons (PAH) are a group of persistent organic pollutants that are found world-
wide in marine ecosystems. Sources of PAHs in the environment may originate in both 
anthropogenic (e.g., municipal and industrial effluents, petroleum sources, combustion of 
fossil/organic material, atmospheric deposition) and natural (synthesis by organisms, direct 
biosynthesis by microbes and plants, diagenesis of sediment organic matter) (Meador et al. 1995). 
Due to the low solubility in water and strong sorption to particulate matter, PAHs readily adsorb to 
organic matter in the water column and tend to partition preferentially to sediments where they may 
persist and cause ecological damage. The substantial quantities of PAHs in the aquatic environment 
and the potential threat they pose to human and aquatic organisms have triggered numerous studies 
on their fate and toxicity.  
One of the most abundant PAHs found in marine sediments is fluoranthene, Flu (Shiaris and 
Jambard-Sweet 1986).  Flu is primarily associated with partially combusted oil, is found at 
concentrations in the sediment that can range from tens to hundreds of micrograms per gram 
sediment dry weight (e.g., Shiaris and Jambard-Sweet 1986), and has been found to exert toxic 
effects in benthic invertebrates at concentrations of 15-50 µg/l (Swartz et al. 1990). Besides 
exerting acutely toxic effects, Flu has also been found to posses mutagenic properties (Babson et al. 
1986). 
  
 2 
3 1
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Fig. 2. Fluoranthe
1,2-benzacenapht
1,2-(1,8-naphthyl
hydrocarbon (PA
molecular weight
 7 6 
ne (CAS Reg. No. 206-44-0), also known as 
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H) with a chemical formula of C16H10 and a 
 of 202.26 g mol-1. 
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INTERACTION BETWEEN FLU AND CAPITELLA 
BIOTRANSFORMATION 
When Flu enters an organism, either through ingestion or through epidermal contact with the 
surrounding porewater, it may either be accumulated in lipid-rich tissues or undergo detoxification 
(fig. 3).  
 Flu 
Reactive  
intermediate
Harmless water- 
soluble form
EXCRETED 
BINDS COVALENTLY TO 
CERTAIN DNA BASES 
Local distortion  
of DNA helix 
⇒   DNA damage 
 
 
Biotransformation 
 
 
 
 
 
Fig 3. The biotransformation pathway of non-polar PAHs, such as Flu. When Flu enters 
an organism, the organism seeks to detoxify Flu through the action of the phase I and II 
detoxification systems, rendering the compound more water-soluble and excretable. 
However, some of the intermediates (products from phase I) may cause DNA damage. 
 
 
Upon exposure to an organic toxicant, an organism usually attempts to biotransform and/or 
depurate the parent chemical directly, minimising any cellular damage the toxicant may cause. The 
detoxifying mechanism is considered to consist of two phases. The first step (phase I) is most often 
an oxidative step in which a polar functional group is introduced to the lipophilic contaminant, 
rendering it more hydrophilic. In phase II, the metabolites produced in phase I may become 
covalently linked to various naturally occurring endogenous compounds in the cell generally 
resulting in a water-soluble product that is less toxic and easier for the organism to excrete. 
 
Phase I  
During the biotransformation in phase I, molecules are changed by the introduction of polar groups, 
such as hydroxy (-OH), carboxyl (-COOH) or amino (NH2) groups either by hydrolysis, reduction 
or oxidation processes. However, phase I biotransformation of PAHs most often involves an 
oxidation, which is catalysed by enzymes in the smooth endoplasmic reticulum (SER) of many 
cells, primarily those associated with food intake, such as gut, liver etc (Di Guilio et al. 1995). 
These oxidative enzymes are the cytochrome P450 enzymes which are a part of an enzyme system 
commonly named mixed function oxidase (MFO). This name is derived from the fact that the major 
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property of the system is to build one atom of molecular oxygen into a substrate, and to reduce 
another oxygen atom to water (fig. 4). 
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primarily concerned with cellular homeostasis). As the diversity of the genes is believed to have 
arisen as an adaptive response to environmental challenge the level of expression varies highly 
between species. It has been generally accepted that Capitella species contain CYP enzymes (Lee 
and Singer 1980; Forbes et al. 1996; Forbes et al. 2001; Selck et al. 2003b) and recently evidence 
for CYP genes in Capitella sp. I has been documented (Li et al. 2004). The mechanism of CYP 
induction in invertebrates is however not yet clear. In mammals, CYP induction is initiated by the 
binding of the PAH to a cytosolic aromatic hydrocarbon receptor (AhR) with subsequent 
transformation of the ligand-receptor complex to a DNA-binding form (fig. 5). The latter appears to 
be a heterodimer of the AhR and the AhR-nuclear translocator (Arnt) protein. The transformed 
ligand-AhR-Arnt complex activates CYP transcription through an interaction with aromatic 
hydrocarbon-responsive element (AhRE) sequences in the CYP promoter (Hahn et al. 1994; Hahn 
2002).  
 
 
 
 
 
 
 
 
 
ligand 
Ah receptor
Translocating 
protein Activated  
complex 
transcription 
translation 
CYP 
 
Fig. 5. Induction of cytochrome P450 by involvement of the Ah receptor in mammals. The 
ligand (e.g., PAH) binds to the cytosolic Ah receptor and becomes activated by binding to a 
protein. Inside the nucleus, CYP transcription is initiated by the complex, whereupon after 
translocation to cytosol, translation of the mRNA takes place generating CYP proteins. 
Reconstructed from Giulio et al. 1995. 
 
 
Though the Ah receptor has been identified in several species of mammals and birds, such a 
receptor has to my knowledge not been identified in marine invertebrates. Attempts using 
photoaffinity to find evidence for the receptor in some marine invertebrates such as echinoderms, 
arthropods, molluscs and annelids have failed (Hahn et al. 2002). Yet indications of the existence of 
an Ah receptor homolog have been found in several organisms including the nematode, C. elegans 
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(Powell-Coffman et al. 1998), the clam, Mercenaria mercenaria (Brown et al. 1995), and other 
mussels, though the exact role of this homolog is still under discussion (for review see Hahn 2002).  
Once the CYP450 system is activated, the PAH can be biotransformed through the action of phase I 
metabolism, that catalyses the conversion of a hydrophobic PAH to a polar intermediate primarily 
by the oxidative introduction of an OH-group as described above.  
 
Phase II 
The oxidation in phase I renders the product more reactive for further transformation during phase 
II, in which the oxidised phase I product is easily conjugated by transferases to various endogenous 
cell compounds, such as sugar derivatives, peptides or sulphates, reducing the toxicity of the 
compound. One phase II mechanism, highly involved in the biotransformation of PAHs, is the 
mechanism carried out by glutathione-S-transferase (GST). GST catalyses the transformation of 
electrophilic compounds, such as epoxides, to harmless water-soluble ester conjugates which are 
easily excretable (fig. 6). As a component of this process, glutathione (a tripeptide – composed of 
glutamic acid, cysteine and glycine) initially conjugates with the compound to be detoxified by a 
mechanism catalysed by glutathione S-transferase. The glutamyl and glycinyl groups belonging to 
glutathione are removed by specific enzymes, and an acetyl group (donated by acetyl-CoA) is 
added to the amino group of the remaining cysteinyl moiety. The resulting compound is a 
mercapturic acid, a conjugation of acetyl cysteine, that is less toxic and can easily be excreted 
(Burdon 1999; Giulio et al. 1995). 
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TOXICITY OF PAHS 
DNA damage 
Though biotransformation is a mechanism of detoxification, intermediate products may be highly 
reactive metabolites. These intermediates can react with macromolecules such as lipids, proteins, 
DNA and RNA, which often results in cellular toxicity. The interaction with DNA is manifested 
primarily by structural alterations in the DNA molecule and can take place in the form of adducts 
(where the metabolite becomes covalently attached to the DNA), of strand breakage, or of 
chemically altered bases. Although these structural alterations of the DNA are usually repaired, the 
repair process may produce a transient strand breakage (see DNA repair) and thus a molecule of 
low integrity.  
Some of the phase I products such as diols and phenols can be further oxidised to diol-epoxides and 
phenol-epoxides, which are highly reactive and can bind directly to DNA, consequently forming 
DNA-adducts. Other phase I products, particularly those producing free radicals and/or reactive 
oxygen species (ROS) may form alkali labile apurinic/apyrimidinic (AP) sites in the DNA (gaps on 
the DNA sugar backbone due to loss of a nucleotide base), and in both cases DNA strand breaks are 
likely to result (Shugart 1988; Burdon 1999).   
Little is known about the biotransformation pathway of Flu in invertebrates, though some proposed 
pathways exist for bacteria (Kanaly and Harayama 2000). Yet, benzo[a]pyrene, B[a]P, whose 
structure and size are similar to Flu, has been extensively studied in invertebrates (e.g., 
Mitchelmore et al. 1998; Akcha et al. 2000a; Akcha et al. 2000b) and several biotransformation 
pathways have been proposed (see fig. 7).  
The main result of phase I related B[a]P metabolism appears to be phenol and epoxide formation 
(Canova et al. 1998; Mitchelmore and Chipman 1998a). Both phenols and diols can either be 
oxidized to quinones or form conjugates with glutathione, sulphate or glucuronide catalyzed by 
GST, sulfotransferase or glucoronidase, respectively, which may be easily excreted. Epoxides are in 
contrast highly reactive and may be hydrolyzed by epoxide hydrases into dihydro-diols, which may 
further be oxygenated to B[a]P-diol-epoxides (BPDE), most often 7,8-diol-9,10-epoxide B[a]P, by 
CYP enzymes and epoxide hydrolase. BPDE products may bind to the 2-amino group of 
deoxyguanosine forming stable DNA adducts. BPDE may also lead to unstable adduct formation 
with adenine or guanine by binding to the 7-amino group, which may result in AP-sites. The loss of 
DNA bases via depurination can cause considerable genetic damage during the subsequent DNA 
replication, since the copying machinery may not be able to specify the correct base complementary 
to the vacant apurinic or apyrimidinic site. 
 15 
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Fig 7. Examples of pathways of activation and detoxification of benzo[a]pyrene. References: Venier and 
Canova 1996; Akcha et al. 2000a; Akcha et al. 2000b; Canova et al. 1998; Sjölin and Livingstone 1997. 
  
 
Furthermore, epoxides and the formation of B[a]P -7,8-dihydrodiol may, as illustrated in fig. 7, also 
provide a basis for quinone production, which under consumption of NAD(P)H may form a redox-
cycle producing reactive oxygen species (ROS), such as superoxide anion (•O2-) or hydroxyl radical 
(•OH). Although not a free radical, H2O2 is also reactive and serves as an important precursor to 
•OH via a reaction catalyzed by a metal such as iron (H2O2 + Fe2+ → OH- + •OH + Fe3+) (Giulio et 
al. 1995). The most frequently occurring lesions caused by ROS are single strand breaks (SSB), 
apurinic or apyrimidinic sites (AP-sites) and 8-oxy-guanine. AP-sites and SSB are a result of 
oxidative attacks on the deoxyribose moiety, which may result in blockage of DNA replication and 
transcription and therefore cause lethal damage to the cell’s DNA, when left unpaired. The 8-oxy-
guanine is a base alteration generated by oxidation and is potentially mutagenic, as it may base pair 
with adenine during DNA synthesis, and as a result generate guanine-cytosine to thymine-adenine 
transversions.  
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DNA damage repair 
Though PAHs cause a variety of kinds of damage, the damage is most often repaired, and different 
repair mechanisms exist. In general, repair of damage such as AP-sites and ROS mediated damage 
is completed by base excision repair (BER) (Memisoglu and Samson 2000), whereas major 
damage, such as DNA adducts, primarily is repaired by nucleotide excision repair (NER) (Akcha et 
al. 2000a). Both repair mechanisms involve a series of enzymatic steps. Briefly, in BER the 
damaged base is removed by a DNA glycosylase leaving an AP-site. Next, the missing nucleotide is 
replaced by a DNA polymerase, whereupon ligase seals the remaining strand break (Carr and 
Hoekstra 1995; Memisoglu and Samson 2000) (see fig. 8). On the contrary, NER involves removal 
of numerous (~30) bases in the region of the damaged base and the following synthesis of the DNA 
strand involves a number of different proteins, to complete the repair (Carr and Hoekstra 1995). 
Yet, other mechanisms for DNA repair also exist, and PAH mediated damage may be repaired by 
recombination repair and/or mismatch repair, which act together with or instead of BER and NER. 
Intermediates from one repair mechanism (such as the BER- intermediate AP sites) may even 
become substrates for another repair pathway (Memisoglu and Samson 2000). 
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G* T      A
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A C T G A T T  G  A  C  T  A 
 
Fig. 8. Overview of base excision repair of DNA. The DNA glycosylase removes the damaged base guanine (G). An 
endonuclease cuts the backbone near the defect; and an endonuclease removes a few bases whereupon the gap is filled 
by the action of polymerase using the complementary bases on the opposite strand as template. Finally, ligase rejoins 
the strand. Reconstructed from Memisoglu and Samson 2000.  
 
 
In summary, although the hydrophobic B[a]P, as well as Flu, show little genotoxicity, their more 
hydrophilic derivatives, such as diol-epoxides, may be highly reactive and can bind directly to DNA 
to form DNA adducts. Others, particularly those possessing free radicals and/or ROS, may form 
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alkali labile sites on DNA, and in both cases strand breaks are likely to result following excision 
repair (Shugart 1988). B[a]P has been shown to cause concentration-dependent increases in DNA 
strand breaks in a number of aquatic species by a variety of different mechanisms (e.g., 
Mitchelmore and Chipman 1998a; Mitchelmore and Chipman 1998b; Shugart 1988; Nacci et al. 
1996). Recently, Palmqvist et al. (2004) found that Flu caused DNA damage in Capitella sp. I 
within one day of exposure, and though the exact mechanism for formation of this damage is 
unknown, the authors found a correlation between DNA damage and aqueous Flu-metabolites 
(and/or short precursors of the aqueous metabolites, such as Flu-epoxides). Yet, no data have been 
found linking DNA damage in Capitella species to higher-level effects. Such a relationship may be 
complicated if the DNA alterations are repaired by DNA repair mechanisms or if the damage is 
restricted to inactive sites of the DNA and hence is not important for the health of the organism.  
 
Membrane stability 
With regard to PAH toxicity, most attention at the cellular level has been given to genotoxicity and 
associated metabolite production. The parent compound is however not harmless, and due to Flu's 
high lipophilicity several studies have reported mortality related to a narcotic mode of action of Flu 
(e.g., Harkey et al. 1997; Driscoll et al. 1997). Narcosis is thought to occur when a sufficient 
amount of a compound, on the basis of molar concentration or volume fraction, adsorbs to the 
phospholipid membrane and produces a disruption of the membrane function (Lowe et al. 1995; 
Driscoll et al. 1997). Binding of Flu to cell membranes may have serious costs for the cells. A well-
functioning cell-membrane is important for the homeostasis of the cell, and Yamaguchi et al. (1996) 
found that Flu triggered an influx of extracellular Ca2+ resulting in cell-dysfunction and cell death 
(apoptosis) in T-cells. Apoptosis is often correlated with increased levels of intracellular Ca2+ as a 
result of dysfunction of the membrane-bound Ca2+ -pumps and gates in the plasma-, mitochondria- 
and ER-membranes leading to Ca2+-influx from the extracellular region and release from 
intracellular stores (Kass and Orrenius 1999).  
Lysosomes are important intracellular organelles that appear to be particularly vulnerable to 
toxicants such as PAHs due to their influence on membrane fluidity, and changes in the lysosomal 
stability have been used as a biomarker of exposure and effects (Moore et al. 1990; Lowe and Pipe 
1994, Lowe et al. 1995). In stable lysosomes, hydrolases are prevented from reacting with 
substrates by an intact membrane. Membrane stability thus decreases as membrane permeability 
increases. Flu has been shown to cause lysosomal membrane impairment in mussel digestive cells 
using the neutral red retention assay (Lowe and Pipe 1994). Alterations in the lysosomal membrane 
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can therefore have severe consequences, since leakage of hydrolase enzymes to the cytosol results 
in the breakdown of cytoplasmic components leading to cytolysis (Moore et al. 1978).  
 
Energy reserves 
Toxicant stress may initiate compensatory physiological adjustments such that changes in energy 
metabolism may be required to maintain normal physiological/biochemical functions. Growth, 
reproduction, and maintenance metabolism demand the majority of an organism's energy 
expenditure, so any increase in maintenance requirements may result in reduced growth or 
reproduction. In times of excess food intake, which is surplus to that required for maintenance, 
growth and reproduction, excess energy is stored in various organs as glycogen or lipid. During 
times of increased energy demand, such as stress (e.g., toxicant exposure) or reproduction, these 
energy reserves are then utilized. In periods of severe stress, proteins can also be used as an energy 
resource, although protein is not synthesized and stored for this purpose (Mayer et al. 1992). 
Therefore, glycogen and/or lipids are generally utilized first; though depending on season, 
reproductive status of the organism, and the length of the stress condition, proteins can be an 
important energy source.  
Both lipids and glycogen provide essential readily available energy sources for most aquatic 
invertebrates, though their importance as primary vs. secondary energy sources varies within 
species and throughout seasons. Also, as an organism develops, it may alter its primary mechanism 
of storage. For example, benthic invertebrate larvae (e.g., the lugworm Abarenicola pacifica) store 
lipids, but as they develop, their primary form of energy storage shifts to glycogen (Taghon et al. 
1994). 
Monitoring of changes in lipid and glycogen contents represents a non-specific indicator of the 
relative health of an organism, and in the majority of cases, the response associated with stress is a 
depletion of lipid and/or glycogen due to an increased energy demand. For example, a decrease in 
lipid content was found in amphipods exposed to fuel oil (Lee et al. 1981), and in Nereis 
diversicolor lower lipid and glycogen concentrations were found in worms sampled at a 
contaminated site compared to worms sampled at a clean site (Durou et al. 2005). Also, in a study 
on zebra mussels (Dreissena polymorpha) exposed to a field pollution-gradient, the total energy 
budget was found to be increasingly negative with increasing pollution levels along the gradient 
(Smolders et al. 2004). 
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EXPERIMENTAL APPROACH
Detailed methods are given in papers I and II. Yet, a short description of the experimental approach 
and discussion of methods follows below. 
 
EFFECT MEASUREMENTS 
Worm growth and worm dry weight (paper I) 
Due to the small size of Capitella, the relatively large volume of water adsorbed to the worms and 
the impossibility to blot dry worms without killing them, it was not possible to measure body 
weight using an analytical balance. Therefore the body volumes of live worms were measured; 
body volume was thereafter used to calculate worm dry weight. A video camera mounted on a 
dissection microscope was used to grab pictures of live worms, and using SigmaScan Pro software, 
individual body length (L, mm) and area (A, mm2) were measured. Assuming that worms are 
cylindrical in shape (Self and Jumars 1978), the body volume (BV, mm3) was estimated: BV = [(π 
× A2)/(4 × L)]. Worm growth was estimated as the change in body volume (mm3). The relationship 
between body volume and worm dry weight (dry wt) was estimated by videotaping individual 
worms for measurement of body volume, then drying them at 50 ºC for 2 hours, and then weighing 
them. Measured worm dry weights, for each species separately, were plotted against body volumes 
(mm3), and the resulting equations used to calculate worm dry weight from measured volume.  
 
DNA damage (paper I) 
In the present study, the comet assay was used to screen for DNA damage caused by Flu and/or Flu 
metabolites. The comet assay was carried out using a modified version (McNamee et al. 2000) of 
the single cell gel electrophoresis assay first described by Singh et al. (1988). To date the comet 
assay has many applications, including measuring both chemical- and radiation-induced DNA 
damage and repair, and predicting the genotoxicity of potentially mutagenic and carcinogenic 
substances. The principle of the assay is based upon the ability of unwound, denatured and cleaved 
DNA fragments to migrate out of the cell core under the influence of an electric field. Following 
staining with a fluorescent dye, cells that have accrued damage to their DNA will appear like a 
comet; undamaged DNA will be confined to the nucleus, and damaged DNA (negatively charged) 
will migrate toward the anode and produce a comet tail (see fig 8). 
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Fig. 8. Representative results obtained using the comet assay. In panel A, the cells yield little or no 
tail after electrophoresis indicating relatively little DNA damage. In contrast, panel B clearly shows 
the long comet tails that are indicative of severe DNA damage and hence, considerable migration of 
the broken DNA strands out of the cell nucleus. Photos: Bach 2004. 
 
 
As a method to detect DNA damage the comet assay can be performed with several variations. 
Detection of DNA damage depends highly on the pH of the applied alkali solution in the unwinding 
step, as pH ~ 7 - 8 only reveals double strand breaks. At pH ~ 12.1 further DNA damage as single-
strand breaks and excision repair sites is detected, whereas the assay becomes even more sensitive 
at pH values above 13 where in addition alkali labile sites are detected. Furthermore, by combining 
the comet assay with specific enzymes in vitro, detection of specific DNA lesions is possible. The 
conventional comet assay does not reveal oxidative DNA damage such as oxidised purines and 
pyrimidines (unless they are repaired by BER and exist as AP-sites), however these types of 
damage can be studied using lesion-specific endonucleases subsequent to lysis. For example, 
endonuclease III recognises oxidized pyrimidines, such as thymine glycol, whereas foramido- 
pyrimidine glycosylase acts on oxidized purines, such as 8-hydroxyguanosine (Lee and Steinert 
2003). When oxidised pyrimidines or purines in DNA are treated by these enzymes an increase in 
single stranded breaks will appear as an increase in comet DNA migration. Other techniques for 
detecting specific DNA lesions also exist, and uncharacterised DNA adducts can be detected by the 
32P-postlabeling test, whereas specific DNA adducts can be assessed by the use of antibodies. 
The comet assay can also be used to detect the extent of excision repair, since incomplete excision 
repair introduces single strand gaps in the DNA, and addition of aphidicolin will inhibit the ligation 
stage of repair. This will result in an accumulation of single strand gaps in the DNA of treated cells 
wherever repair is occurring (Steinert et al. 1998). Other DNA inhibitors such as cytosine-β-D-
arabinofuranoside, which inhibits the DNA polymerase and ligase, can also be used in the comet 
assay to reveal DNA repair (Lee and Steinert 2003).  
A variety of methods, in addition to the comet assay, have been developed for detecting DNA 
damage. The micronucleus and sister-chromatid exchange assays are both based on the enumeration 
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of downstream aberrations after DNA strand damage. The micronucleus test reveals chromosome 
fragments, resulting from DNA damage, that are not reincorporated into daughter nuclei and are 
consequently transformed into smaller nuclei or micronuclei. The sister-chromatid exchange assay 
assesses the exchange of damaged chromosome fragments between sister-chromatids. However, the 
comet assay offers considerable advantages over these other methods, since there is no need for 
cells in the comet assay to be in a dividing stage; the assay is very rapid to perform, and results can 
easily be obtained in a single working day. Though some disadvantages also exist. The comet assay 
reveals early stage DNA modifications, whereas later occurring responses (and non-reversible 
endpoints) such as chromosomal aberrations, sister-chromatid exchange, micronuclei formation, 
activation of oncogenes etc. may be more closely linked to whole organism performance. 
Furthermore, the comet assay does not detect all kinds of DNA damage. Damage such as bulky 
adducts, may when left un-repaired, lead to replication blockage and thereby cytotoxicity. In that 
case these specific apoptotic cells will appear as the so-called ghost cells which are most often not 
included in the comet scoring. 
 
Energy storage (paper II) 
Glycogen. Measurement of glycogen reserves represents a simple, although often useful 
measurement of the relative energy status of an organism at a particular point in time. Since an 
organism's energy reserves can directly influence growth and reproductive potential, measurements 
of such reserves can be predictive of higher level effects. Glycogen was measured according to a 
modified version of the method described by Keppler and Decker (1974). This method is based on 
an enzymatic reaction converting glycogen to glucose, which is further degraded to gluconic acid 
and H2O2 which, following addition of o-dianisidine and peroxidase, forms a coloured complex.  
 
Lipid. As with glycogen, lipid content represents a relatively basic measurement of energy reserves. 
Since lipids are closely coupled with growth and reproduction, a direct link may often be found 
between decreased lipid content and decreased growth and reproduction (Mayer et al. 1992). Lipids 
are most useful as sublethal indicators of long-term stress, although changes in the specific lipid 
components may occur during acute stress. Therefore during acute stress the efficiency of lipid 
measurements as a biomarker would be increased by measurement of specific lipids. However, in 
the present study total lipid was measured for simplicity. The lipid analysis was performed using a 
modified form of a method described by McElroy (1990) assuming that the lipids will partition into 
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the chloroform phase in a methanol, water and chloroform extraction. The chloroform phase was 
evaporated to dryness, and the remainder was assumed to consist of lipids. 
 
Protein. As a single measurement, protein determination has less utility, since protein is the last 
energy reserve to be utilized during stress, and mobilization and utilization of glycogen and lipids 
will normally occur before catabolism of protein (Mayer et al. 1992; Bayne 1973). The amount of 
protein was determined using the Bradford-method. This method is based on the observation that 
the dye Coomassie Brilliant Blue exists in two different colour forms, red and blue, where the red 
form is converted to the blue form upon binding of the dye to protein. The stability of the colour-
complex is limited to about one hour. This is in contrast to the Lowry-method, in which the colour-
complex is stable until 18 hours and is therefore considered to be a more accurate method. The 
Bradford method was chosen, as it is simpler to conduct, and the dye is commercially available in a 
ready-to-use form. 
 
Whole body or tissue-specific analysis of these three types of energy reserves has been used 
extensively as a general indicator of the energetic status of an organism. As with all energetically 
related biomarkers, a large array of factors such as diet, reproductive status, sex, age and season will 
influence the energy reserves of the organism under study (Mayer et al. 1992). The above-
mentioned factors that may influence energy storage were largely controlled in the present study. 
For each species, equally sized worms were selected from laboratory cultures, and it was assumed 
that sexes of the worms were equally distributed between samples. The diet (i.e., the sediment) was 
the same for both species throughout the experiment, and as the experiment was carried out at the 
same time, a seasonal influence is not a concern. 
 
FATE MEASUREMENTS 
Biotransformation ability (paper I) 
The analysis of biotransformation ability of Flu was performed on the basis of the ratio of parent 
compound to metabolic Flu products in worm tissue homogenates. Radioactively marked Flu (14C-
Flu) was used as a tracer to determine amounts of Flu taken up and biotransformed. Tissue 
homogenates were extracted into 4 fractions: parent Flu (i.e., untransformed), polar Flu metabolites 
(water-insoluble), aqueous Flu metabolites (water-soluble) and tissue residue Flu (unextractable 
from tissue) following a method modified by McElroy (1990) and Driscoll and McElroy (1996).  
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Validation of the extraction protocol for Flu was not performed. Christensen et al. (2002) found, 
using a pyrene standard, a recovery of 92 ± 7 % and that only 0.4 % and 0.3 % of the parent pyrene 
were retained in the DMSO and MeOH fractions, respectively. Furthermore, they found a recovery 
of water-soluble metabolites in the DMSO fraction of > 85 % using 1-hydroxypyrene and 1,6-
pyrene-quinone as standards. As Driscoll and McElroy (1996) found a similar recovery of 
benzo[a]pyrene, it is most likely that the protocol has the same high extraction efficiency for Flu. 
Another way of measuring biotransformation ability is to quantify the amounts of the specific 
metabolites produced using HPLC. This method was shown to be useful in a study with pyrene, 
where only few metabolites were produced by the polychaete Nereis diversicolour (Giessing et al. 
2003). In the case of Flu and Capitella sp. I, Forbes et al. (2001) found more than 30 different peaks 
that they attributed to worm-derived metabolites of Flu. Though Forbes et al. (2001) tentatively 
proposed the identity of two of the metabolites as 3-hydroxy-Flu and 8-hydroxy-Flu (phase I 
products), these identities could not be confirmed due to a lack of available standards to which they 
could be compared. Thus both the large number of Flu metabolites produced by Capitella, and the 
need to synthesize standards for identification of them, limits the usefulness of the HPLC method. 
 
Subcellular distribution (paper I) 
This analysis was performed to examine whether the difference in tolerance to Flu between sp. I 
and sp. S is a result of differences in the cellular distribution of Flu and/or Flu metabolites, which 
may provide evidence of a target site of the toxic compound. The subcellular distribution of Flu was 
assessed using a differential centrifugation technique described by Selck and Forbes (2004) to 
separate the cellular compartments into four size fractions.  
As with the metabolite fractionation, the fractions isolated by differential velocity centrifugation are 
generally not entirely free of other subcellular organelles and may for precise separation need to be 
purified further.  
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ABSTRACT 
 
The polychaete Capitella capitata consists of a species complex within which differences in tolerance to 
toxicants have been observed. For example, it has been shown that Capitella sp. S is more sensitive to PAH 
and other stressors than the more opportunistic Capitella sp. I, which is able to take up and biotransform the 
PAH fluoranthene (Flu). In the present study an investigation was performed to examine whether differences 
in tolerance between Capitella species sp. I and sp. S are due to differences in activity of biotransformation 
measured as the amount of Flu-metabolites produced. We exposed both sibling species to sediment 
contaminated with 30 µg Flu/g dry wt sed for 10-15 days.  We found that Capitella sp. I took up more Flu 
from the sediment than sp. S (346 µg Flu eq./g dry wt worm vs. 218 µg Flu eq./g dry wt worm, respectively), 
but as sp. I was much more effective at biotransforming this PAH (62 % versus 11 %, respectively of total 
Flu), the net amounts of parent Flu accumulated by the two species were similar. We found significant 
differences in the subcellular distribution of Flu and its metabolites between sibling species, with sp. I 
accumulating mostly in the cytosol and sp. S accumulating mostly in the membrane fraction. A previous 
study by our group showed Flu to be genotoxic to sp. I upon biotransformation. In the present study we 
found no detectable genotoxicity in sp. S following Flu exposure. Our results demonstrate that DNA damage 
is tightly coupled to biotransformation ability and that other aspects of PAH toxicity (e.g., membrane 
disruption) are more relevant than DNA damage for predicting tolerance differences between these species. 
 
 
Keywords: benthos, biomarker, polycyclic aromatic hydrocarbons, biotransformation, subcellular 
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1. INTRODUCTION 
The polychaete originally referred to as Capitella 
capitata (Fabricius 1780) has been demonstrated 
to consist of a cryptic species complex of distinct 
sibling species (Grassle and Grassle 1974; 
Gamenick et al. 1998). The sibling species are so 
morphologically similar that the complex is not 
separated by proper taxonomic species 
descriptions; nevertheless they are distinguished 
by a variety of genetic, developmental and 
reproductive features (Eckelbarger and Grassle 
1983, Eckelbarger and Grassle 1987, Pearson and 
Pearson 1991, Wu et al. 1991). Furthermore, 
differences in ecophysiological characteristics, 
such as tolerance to abiotic factors, have been 
described for the species complex (Gamenick et 
al. 1998, Linke-Gamenick et al. 2000a). As a 
result of specific life-history traits (e.g., rapid 
growth, early maturation, widespread dispersal 
ability and rapid population growth) plus a 
generally high tolerance to stress factors in some 
of the sibling species, Capitella is successful in 
disturbed and oil-polluted areas. In addition, some 
of the species in the complex are among the first 
invertebrates to recolonize areas following oil 
spills (Grassle and Grassle 1974, Sanders et al. 
1980). Although Capitella has been described as 
pollution tolerant, more recent work has shown 
marked differences in tolerance among sibling 
species (Gamenick and Giere 1994, Linke-
Gamenick et al. 2000a, Linke-Gamenick et al. 
2000b).  
In the marine environment, hydrophobic oil 
components such as high molecular weight PAHs 
rapidly associate to organic matter and sediment 
particles and, once incorporated into the sediment, 
persist and may have long-term effects on 
organisms living in the exposed areas. One of the 
most abundant PAHs in marine sediments is 
fluoranthene (Flu) (Baumard et al. 1998), and 
concentrations are found in the range of tens to 
hundreds of µg Flu/g dry wt sed (Shiaris and 
Jambard-Sweet 1986). Flu has been found to be 
highly toxic to benthic invertebrates at 
concentrations down to 10 µg/g dry wt sed 
(Swartz et al. 1990). It may also possess genotoxic 
(mutagenic and carcinogenic) properties, though 
these effects are not associated directly with the 
parent compound, but arise largely as a result of 
biotransformation processes that lead to the 
formation of reactive intermediates (Rastetter et 
al. 1982, Babson et al. 1986). 
As a result of living in polluted areas, Capitella is 
continually exposed to sediment-associated 
toxicants, e.g., Flu, which it is likely to 
accumulate via dietary exposure and to a lesser 
extent through the epidermis from the surrounding 
pore water (Forbes et al. 1996, Selck et al. 2003a). 
Previous studies in our laboratory have shown 
interspecific physiological differences between 
Capitella species in response to Flu. Capitella sp. 
I was found to be physiologically most tolerant to 
Flu-contaminated sediments compared to other 
sibling species, whereas Capitella sp. S was found 
to be least tolerant and showed increased 
metabolic rates and reduced food intake when 
exposed to 100 µg Flu/g dry wt sed (Linke-
Gamenick et al. 2000a). For Capitella sp. S, but 
not sp. I, Flu exposure (95 µg Flu/g dry wt sed) 
resulted in complete inhibition of reproduction 
and increased mortality compared to controls 
(Linke-Gamenick et al. 2000b). 
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Despite evidence for differences in Flu-tolerance 
between the two species, little is known about the 
mechanisms behind these differences. Linke-
Gamenick et al. (2000a) suggested that the higher 
tolerance of Capitella sp. I could be partly due to 
a more efficient detoxification system compared 
to sp. S. Forbes et al. (1996), Forbes et al. (2001) 
and Selck et al. (2003b) studied the 
biotransformation ability of this species and 
showed a very extensive ability of Capitella sp. I 
to take up and biotransform Flu. Yet, nothing to 
date has been reported about the biotransformation 
ability of the less tolerant species, Capitella sp. S. 
Lee and Singer (1980) found a concentration-
dependent increase in cytochrome P450 mixed-
function oxygenase (MFO) activity in Capitella 
spp. after exposure to crude Kuwait oil or the 
PAH, benz[a]anthracene, and it is expected that 
Flu would be detoxified via the same metabolic 
pathway.  
The biotransformation process is generally 
initiated by the oxidative introduction of an OH-
group to the PAH (phase I), which involves the 
MFO system. This oxidation renders the products 
more reactive for further transformation during 
phase II, in which the oxidized phase I products 
are easily conjugated to various endogenous cell 
compounds, such as sugar derivatives, peptides or 
sulphates. Whereas phase I reactions increase the 
water-solubility of the compound only slightly, 
the solubility increases extensively during phase 
II, thereby facilitating the excretion of the 
compound. However, some of the phase I 
products such as diols and phenols can be further 
oxidised to diol-epoxides and phenol-epoxides, 
which are highly reactive and can bind directly to 
DNA, consequently forming DNA-adducts. Other 
phase I products, particularly those producing free 
radicals and/or reactive oxygen species (ROS) 
may form alkali-labile sites on DNA (gaps on the 
DNA sugar backbone due to loss of nucleotide 
bases), and in both cases DNA strand breaks are 
likely to result (Shugart 1988). Palmqvist et al. 
(2003) showed that Flu exposure of Capitella sp. I 
initially caused DNA damage, but that the damage 
declined after 4 days despite continued exposure 
indicating induction of DNA repair activity. 
The objectives of this study were: 1) to examine 
whether the difference in tolerance to Flu that has 
been observed between sp. I and sp. S is due to 
differences in biotransformation ability; 2) to 
investigate whether differences in biotrans-
formation ability are reflected in the cellular 
distribution of Flu and/or Flu-metabolites which 
may provide evidence of a target site of the toxic 
compound; and 3) to determine whether the 
sensitivity to Flu of sp. S is related to genotoxicity 
(i.e., DNA damage) of Flu and/or a less efficient 
DNA repair compared to that known for sp. I. 
 
 
2. MATERIALS AND METHODS 
2.1 Worms 
Capitella sp. I were collected in Setauket Harbour, 
Long Island Sound, New York, USA in 1984, and 
identified as species type I by J.P. Grassle. 
Capitella sp. S was collected from oxygen-rich, 
organic-poor intertidal flat sediments of the island 
of Sylt, North Sea, Germany, by Gamenick and 
Giere in 1994. These species of Capitella 
reproduce readily in culture and have been reared 
in our laboratory for many generations. Separate 
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populations of Capitella (sp. I and sp. S) were 
cultured in plastic aquaria containing a 3 - 4 cm 
layer of sediment (< 250 µm) and aerated filtered 
seawater (< 0.2 µm, 31 ‰ salinity) at room 
temperature (ca. 21 oC). The sediment was 
regularly supplemented with a mixture of ground 
commercial fish food (Tetra Min©, Tetra Werke, 
Melle, Germany), dried baby cereal (Milpo©, 
Milupa, Hoersholm, Denmark), and dried spinach 
in equal ratios. 
 
2.2 Sediment 
All sediments were collected from a shallow 
subtidal area in Roskilde Fjord distant from any 
point sources of contamination (Store Havelse; 
6199265°N, 690455°E), Denmark. The top few 
centimeters of the surface sediment were scraped 
off and sieved to a grain size of < 63 µm using tap 
water to kill any remaining meiofauna. The sieved 
sediment was allowed to settle and the overlying 
tap water replaced with seawater before freezing 
to – 20 oC. The resulting sediment had a water 
content of 70.9 ± 0.18 % (n = 3), determined by 
weight loss at 110 oC for 24 h, and an organic 
content of 11.9 ± 0.48 % (n = 3), determined by 
weight loss on ignition at 550 oC for 24 h. 
Radioactively labelled Flu (14C-Flu) was used to 
determine the amount of Flu (i.e., unmetabolised 
parent Flu) and Flu-metabolites (i.e., aqueous and 
polar Flu-metabolites and unextractable Flu-
residues) in worm tissues in both the 
Biotransformation Experiment and the Subcellular 
Distribution Experiment. It was assumed that 
radioactive Flu behaves identically to non-
radioactive Flu. Flu-contaminated sediments were 
produced by mixing a stock solution of Flu 
(crystalline fluoranthene, 98 % GC grade, Sigma-
Aldrich, Copenhagen, Denmark) dissolved in 
acetone (2.9 mg Flu/ml) with a stock solution (100 
µCi/ml methanol) of 14C-labelled fluoranthene 
(14C-Flu, 250 µCi/ml methanol (F6147), Sigma-
Aldrich, Copenhagen Denmark) in a glass 
container, so that 3 ml of the stock solutions were 
added per kg wet wt sediment. The unlabelled Flu 
and the labelled Flu were added to a final ratio of 
2.7 × 10-5 µg Flu/dpm. For the DNA Damage 
Experiment, a stock solution of non-labelled Flu 
was prepared by dissolving crystalline Flu (98 % 
GC grade, Sigma-Aldrich, Copenhagen, 
Denmark) in acetone (2.9 mg Flu/ml), and 3 ml of 
the solution was added per kg wet wt sediment to 
a glass container. 
Flu was mixed with the sediment in the dark by 
coating the Flu onto the inner surface of the glass 
containers, which were left on a shaking table 
until the solvents had evaporated (approx. 2 
hours). A known volume of sediment (< 63 µm) 
was added, and the glass containers were left on a 
shaking table for another 48 hours in the dark at 
room temperature. Control sediments were 
prepared similarly by addition of solvents alone to 
the glass containers. The sediments were 
subsequently frozen (-20 oC) until use. 
To quantify the actual Flu-concentration in the 
experimental sediment we used a method 
described by Linke-Gamenick et al. (1999), in 
which 2 replicate sediment samples were taken 
from each Flu-spiked experimental sediment 
portion and extracted with methanol and ethyl-
acetate and subsequently analyzed by HPLC. All 
sediment spiking and further work with Flu was 
carried out under dimmed light to minimize 
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photo-degradation of Flu. 
 
2.3 Experimental setup 
One day prior to the start of all experiments (day –
1), worms (Capitella sp. I and sp. S) were sieved 
from laboratory cultures and left individually in 
clean seawater in multi-well dishes (GibcoBRL, 
Life Technologies, Taastrup, Denmark) until the 
following day. On the same day, equal volumes 
(3.2 ml) of either control or Flu-contaminated 
sediments were transferred to plastic beakers (20 
ml, Nunc, Life Technologies, Taastrup, Denmark) 
to which 10 ml of clean filtered (< 0.2 µm) 
seawater was added. The beakers were left for 24 
hours in the dark in order to let Flu equilibrate 
among overlying water, pore water and sediment 
before addition of the worms. Worm size was 
estimated as body volume at the start of the 
experiment and on each sampling occasion. On 
day 0 (the start of the experiment), the overlying 
water was carefully drained and fresh overlying 
water was added before worms were individually 
transferred to the beakers. The beakers were 
covered with aluminium foil and wet paper tissues 
to minimize photo-degradation of Flu and water 
evaporation. The experiments were conducted in 
the dark at room temperature (ca. 21 oC), and 7 ml 
of the overlying water was renewed every second 
day during the experiment, to avoid oxygen 
deficiency. 
 
2.4 Worm volume and dry weight 
In order to facilitate comparisons with previous 
experiments and to allow calculation of size-
specific Flu concentrations, worm body volumes 
and dry weights were measured. A video camera 
mounted on a dissection microscope was used to 
grab pictures of live worms, and using SigmaScan 
Pro software (ver 5.0.0, SPSS®, Chicago, USA), 
individual body length (L, mm) and area (A, mm2) 
were measured. Assuming that worms are 
cylindrical in shape (Self and Jumars 1978), the 
body volumes (BV, mm3) were estimated: BV = 
[(π × A2)/(4 × L)]. The worm size estimate used in 
the analysis was the mean of two independent 
replicate volume determinations. 
Worm dry weight (dry wt) was estimated as 
follows: a number of unexposed individual worms 
of both Capitella sp. I and sp. S were videotaped 
for measurement of body volume according to the 
method described above after giving worms 24 
hours to clear their guts of sediment. Individual 
worms were placed on a small piece of pre-
weighed foil and left to dry at 50ºC for 2 hours, 
and then reweighed. Measured worm dry weights 
were plotted against body volumes (mm3) for each 
species separately, and the resulting equations 
used to calculate worm dry weight from measured 
volume.  
 
2.5 Biotransformation Experiment 
The ability of Capitella sp. I and sp. S to 
biotransform Flu was estimated after in vivo 
exposure of the worms to Flu-spiked sediment by 
extracting worm tissue homogenates into four 
fractions: parent Flu (untransformed), polar Flu-
metabolites, aqueous Flu-metabolites and Flu 
tissue residues. As polar Flu-metabolites are 
considered phase I products, aqueous Flu-
metabolites phase II products, and tissue residue 
Flu unextractable Flu (most likely consisting of 
some parent Flu but also some phase I products 
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that are further oxidized to epoxides and bound to 
DNA, RNA and proteins), it was possible to 
measure the amounts of metabolites produced. 
The produced metabolites were compared to the 
amounts of Flu taken up, thus giving an estimation 
of the biotransformation ability. 
 
2.5.1 Sampling 
For measurement of biotransformation ability, 
worms were gently sieved out of the sediment at 
each sampling time. As a similar study by our 
group was recently conducted using sp. I (Selck et 
al. 2003b) we reduced the number of sampling 
times for sp. I  to 3, 7, 10 and 15 days, while 
sampling times for sp. S was 0.25, 1, 2, 3, 4, 5, 7, 
10 and 15 days of exposure. At each sampling 
occasion worms were videotaped for deter-
mination of final body volumes and left in clean 
filtered seawater (4 - 6 hours) in order to empty 
their guts and to be cleaned of adsorbing Flu 
sediment. Due to evidence of a rapid depuration of 
Flu and Flu-metabolites after only 6 hours (Selck 
et al. 2003b), it was not possible to allow a longer 
gut emptying time, however, visual observations 
confirmed that no fecal pellets were visible in the 
worms at the end of the gut emptying time. 
Finally, the worms (3 replicates of 4 worms of sp. 
I or 5 worms of sp. S) were transferred to eppen-
dorf tubes and frozen at –20 oC until analysis. 
 
2.5.2 Flu and Flu-metabolite analysis 
Extracts of Flu-exposed worms were fractionated 
into four groups following Selck et al. (2003b): 
untransformed parent compound (P-F), aqueous 
Flu-metabolites (conjugates) (A-M), polar Flu-
metabolites (P-M) and residual Flu (unextractable 
from tissue) (T-R). Due to the small size and 
morphology of the Capitella species it was not 
possible to separate the reactive tissue (i.e., the 
chloragogen tissue) for analysis; therefore whole 
worm homogenates were used. Briefly, the extrac-
tion was initiated by addition of milliQ-water, 
methanol and chloroform to the worm 
homogenate. Samples were mixed, ultrasonic 
treated and subsequently centrifuged which 
resulted in a two phase solution i.e., water/ 
methanol phase (A-M) and chloroform phase (P-F 
and P-M), and a pellet. The extraction from the 
pellet was repeated twice, whereupon a tissue 
solubilizer was added to the pelleted tissue (T-R). 
To separate the chloroform phase into P-F and P-
M, an extraction, including DMSO and hexane, 
was performed. The extraction was repeated 
twice, and after centrifugation the DMSO phase 
consisted of polar Flu-metabolites (P-M), whereas 
the hexane phase consisted of parent Flu (P-F). 
Radioactivity associated with each of the four 
phases was quantified by liquid scintillation 
counting and corrected for quench by the external 
standards ratio method after subtracting back-
ground. The concentrations of Flu and Flu-
metabolites were calculated from the ratio 
between Flu and 14C-Flu (2.7 × 10-5 µg Flu/dpm) 
and the data presented as Flu equivalents. 
 
2.6 Subcellular Distribution Experiment 
The Subcellular Distribution Experiment was 
performed on worms exposed in parallel to the 
Biotransformation Experiment and was based on a 
differential centrifugation technique which fractio-
nates worm homogenates into four fractions: 
tissue debris-, mitochondrial-, microsomal- and 
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cytosolic fractions. 
 
2.6.1 Sampling 
On each sampling occasion (i.e., after 0.25, 1, 3 
and 10 days of exposure) worms were gently 
sieved out of the sediment, videotaped and left in 
clean water (4 - 6 hours) in order to empty their 
guts and be cleaned of adsorbing Flu. Worms (4 
replicates of 7 worms of sp. I or 8 worms of sp. S) 
were transferred to eppendorf tubes and placed in 
liquid nitrogen for ca. ½ min to disrupt the cell 
membrane and frozen at – 80 oC until analysis. 
 
2.6.2 Flu analysis 
The subcellular distribution of Flu was assessed 
by measuring the concentration of Flu and its 
metabolites in four cellular fractions, separated by 
differential centrifugation following Selck and 
Forbes (2004). Briefly, following centrifugation at 
1000, 9000, and 100.000 × g four fractions were 
produced. The first pellet contains tissue 
fragments and other cellular debris (primarily 
membranes) and is referred to as the debris 
fraction. The second pellet, the mitochondrial 
fraction, contains mitochondria, peroxisomes and 
lysosomes. The last pellet, microsomal fraction, 
contains small pieces of the plasma membrane, 
fragments of golgi apparatus, ribosomes and 
microsomes (disrupted endoplasmic reticulum 
forming closed vesicles), which contain several 
enzymes involved in xenobiotic metabolism 
including cytochrome P450 mixed function 
oxygenase. The fourth fraction is the cytoplasm 
(cytosol fraction), which contains a large number 
of enzymes and other proteins, and is thus a major 
site for cellular metabolism. 
As for the Biotransformation Experiment, radio-
activity was quantified by liquid scintillation 
counting and data presented as Flu equivalents. 
 
2.7 DNA Damage Experiment 
DNA damage induced by Flu was assessed by the 
comet assay applied to a mixture of cells from in 
vivo Flu-exposed sp. S worms. The comet assay is 
a rapid and sensitive method for detecting alkali 
labile sites as well as single- and double stranded 
breaks in the DNA, which are mainly the result of 
genotoxic events and may lead to mutations or cell 
death. As a previous study performed by our 
group recently demonstrated genotoxic effects of 
30 µg Flu/g dry wt sed on sp. I (Palmqvist et al. 
2003), we did not repeat the comet assay on Flu-
exposed sp. I. To facilitate comparison between 
the two species, the cell preparation and the comet 
assay were performed using the same protocol as 
Palmqvist et al. (2003). 
 
2.7.1 Sampling 
Flu-induced DNA damage in Capitella sp. S was 
measured by applying the comet assay after 0, 1, 
2, 3, 5, 7, 10, 15 and 28 days of exposure with 4 
replicates for the Flu-exposed group, 3 replicates 
for the control group, and a positive control 
(treatment with hydrogen peroxide). Each 
replicate was a pool of 4 worms. At each sampling 
time, worms were gently sieved out of the 
sediment and left in clean seawater (4 - 6 hours) in 
order to empty their guts and be cleaned of 
adsorbing Flu-contaminated sediment. 
 
2.7.2 Preparation of worm cells 
Preparation of cell suspensions and performance 
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of the comet assay (until the end of electro-
phoresis) was conducted under yellow light or in 
the dark to reduce any photo-oxidative DNA 
damage to the cells. The cell suspension was 
prepared by placing a replicate (i.e., 4 worms) in 
an eppendorph tube with EDTA-buffer and cutting 
the worm into small pieces using scissors. 
Following centrifugation the supernatant was 
replaced by a trypsin/EDTA-buffer, and the cells 
were carefully dispersed. The sample was centri-
fuged and the pellet resuspended in PBS buffer. 
For the positive control the pellet was resuspended 
in 0.5 ml 50 mM H2O2 for 7 min, the sample was 
centrifuged, and then the pellet was resuspended 
in PBS buffer. The comet assay was carried out 
immediately after preparation of the cell 
suspensions  
 
2.7.3 Comet assay procedure 
The comet assay was performed following 
Palmqvist et al. (2003) until scoring of the comets.  
From each replicate (cell suspension) three sub-
samples were taken and mixed with low melting 
point agarose and cast on a GelBond film. The gel 
was allowed to set and the gel immersed in cold 
lysis buffer. The gels were then washed with 
milliQ water and submersed in electrophoresis 
buffer (pH > 13) in an electrophoresis tank for 40 
min to allow DNA unwinding followed by 
electrophoresis at 25 V, ~300 mA for 10 min. The 
slides were washed in neutralization buffer and in 
milliQ water, fixed in ethanol and left overnight to 
air dry. Prior to analysis, gels were marked blindly 
before staining with SYBRGold and analyzed 
under a fluorescence microscope (Dialux, 22 EB, 
Leica). On each gel, 40 randomly selected cells 
(i.e., each sub-replicate) were analyzed for Tail 
Extent Moment (Tail Extent Moment = tail length 
× %DNA in tail /100) using the software applica-
tion Kinetic Imaging (Komet 3.1, 1996, Kinetic 
Imaging LTD, Liverpool, UK). The DNA damage 
was recorded as the mean Tail Extent Moment 
from analysis of 120 individual cells. The levels 
of DNA damage were compared to a negative 
control (worms unexposed to Flu) and a positive 
control (unexposed worm cells treated with H202). 
 
2.8 Statistics 
Relationships between worm dry weight and 
volume were estimated by linear regression of 
log10-transformed data. Differences in worm dry 
wt/worm volume (DW/mm3) relationships 
between species were tested by an analysis of 
covariance (ANCOVA) on log10-transformed 
data.  
For the Biotransformation Experiment, corre-
lations between Flu-concentrations (µg Flu eq./g 
dry wt worm) in the 4 metabolite fractions (i.e., P-
F, A-M, P-M and T-R) and exposure time, as well 
as correlations between worm volume and 
exposure time were tested with a Spearman’s 
Rank Order Correlation Coefficient analysis. 
Differences in total Flu body burden as well as 
fractional concentrations (µg Flu eq./g dry wt 
worm) in P-F, A-M, P-M and T-R between sp. I 
and sp. S at the end of exposure were tested by 
analysis of variance (ANOVA). 
For the Subcellular Distribution Experiment, 
effects of exposure time on Flu concentrations in 
the subcellular fractions (i.e., debris, mitochon-
dria, microsomal and cytosol), differences in Flu 
concentration in each fraction at the end of the 
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exposure period between species, and differences 
in total final body burden between species were all 
tested by ANOVA.  
For the DNA Damage Experiment, a two-way 
analysis of variance (ANOVA) was used to test 
for differences in DNA damage with treatment 
and exposure time as factors. When the two-way 
ANOVA indicated significant effects, a Tukey's 
HSD test was performed to test for pairwise 
differences between groups. 
Prior to all analyses, assumptions of normality and 
homogeneity of variances were verified by graphi-
cal inspection of the data. Significance was 
defined as p < 0.05 and marginal significance as 
0.05 < p < 0.1. All statistical analyses were 
conducted using Statistica (ver 6., StatSoft, inc., 
USA). 
 
 
3. RESULTS 
3.1 Sediment Flu-concentrations 
The measured initial Flu-concentrations in 
contaminated sediments were 26.4 ± 1.4 (n = 2) 
µg Flu/g dry wt sed in the Biotransformation and 
Subcellular Distribution Experiments, and 21.4 ± 
2.7 (n = 2) µg Flu/g dry wt sed in the sediment 
used for the DNA Damage Experiment. For 
simplicity, the results that follow are expressed in 
terms of the nominal Flu-concentration of 30 µg 
Flu/g dry wt sediment. 
 
3.2 Worm volume and dry weight 
The initial volumes of Capitella sp. I ranged from 
0.07 - 2.43 mm3 (0.48 ± 0.40 mm3, n = 112). 
Although ANOVA (on log-transformed data) 
revealed a significant difference (p = 0.009; r2 = 
0.106) in the initial volumes among groups, a 
Tukey’s HSD test showed only a significant 
difference between the groups harvested on day 1 
and day 3, and the difference in mean volume was 
38 %. The initial volumes of Capitella sp. S 
ranged from 0.05 - 0.91 mm3 (0.29 ± 0.18 mm3, n 
= 128), and no significant difference (two-way 
ANOVA) in body volume was found among time-
groups (p = 0.57) or fluoranthene-treatments (p = 
0.47).  ANCOVA detected no difference between 
species in dry weight to volume relationships (p = 
0.594). Both species followed the equation: log 
DW = 2.26 (± 0.012) + 0.86 (± 0.045) × log V (r2 
= 0.80, n = 98), where DW is worm dry weight 
and V is worm volume.   
 
3.3 Biotransformation Experiment 
During the Biotransformation- and the Subcellular 
Distribution Experiment survival of the worms 
was observed. When exposed to 30 µg Flu/g dry 
wt sed a mortality of 2 % (3 out of 158 worms) 
was observed for Capitella sp. I, whereas sp. S 
showed a poorer survival with a mortality of 6 % 
(15 out of 257 worms).  
During the exposure period, Capitella sp. I 
increased its body-burden of parent Flu (P-F), 
aqueous Flu-metabolites (A-M), polar Flu-
metabolites (P-M) and tissue residues (T-R) to 
different degrees (fig. 1). The body-burden of P-F 
increased slowly up to day 7, increased markedly 
between day 7 and day 10 and then dropped to 
about 50 % by day 15, and was by the end of the 
experiment only  marginally different from the 
body-burden at the first sampling time (day 3) 
(ANOVA: p = 0.09). For all metabolite groups (A-
M, P-M, T-R) there was a significant positive 
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correlation between body burden and exposure 
time (Spearman’s Rank Order Correlation 
Coefficient: all p-values < 0.05). However, the 
body-burden of T-R increased only slightly during 
the exposure period. Untransformed Flu (P-F) 
constituted about one third (37.6 %) of the total 
body-burden, whereas A-M made up the highest 
proportion of metabolites produced (37.8 %), 
followed by a considerable amount of P-M (20.6 
%). The tissue residues only contributed a few 
percent (4.0 %) (i.e., P-F = A-M > P-M > T-R). 
Capitella sp. S showed an increased body-burden 
of parent Flu and Flu-metabolites (i.e., A-M, P-M 
and T-R) from the start to the end of the exposure 
period. The body-burdens of the 4 fractions were 
markedly different (fig. 1). A positive correlation 
was evident between concentration (µg Flu eq./g 
dry wt worm) and exposure time for the P-F, A-
M, P-M and T-R fractions (Spearman’s Rank 
Order Correlation Coefficient: all p-values < 
0.05). The rate of net uptake for the P-F was 
initially rapid but reduced from about day 3. At 
the end of the experiment (day 15) the total body-
burden consisted primarily of untransformed 
parent Flu (P-F) (89.2 %), with only a small 
proportion of metabolites (A-M: 6.7 %, P-M: 3.3 
% and T-R: 0.8 %).  
The absolute amounts of metabolites (A-M, P-M 
and T-R) produced during the course of the 
exposure period were higher in Capitella sp. I 
compared to the amounts produced by sp. S 
(ANOVA: all p-values < 0.001), though there was 
no significant difference in the final body-burden 
of parent Flu (P-F) between Capitella sp. I and sp. 
S at the end of the experiment (day 15) (ANOVA: 
p = 0.25). The amount of Flu taken up during the 
experiment was reflected in the total body-burden 
(parent + metabolites). There was a significant 
difference in the total body-burden between the 
two species (ANOVA: p = 0.042) as Capitella sp. 
I reached a total body-burden of 246.4 µg Flu 
eq./g dry wt worm (SD = 35.3, n = 3), while the 
total body-burden of sp. S was 219.0 µg Flu eq./g 
dry wt worm (SD = 65.9, n = 3). 
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Fig. 1. Relationship between exposure time and mean (± sd, n = 3) tissue concentration of fluoranthene equivalents (µg 
Flu eq./g dry wt worm). The body-burden was fractionated into (?) parent Flu (P-F), (?) aqueous Flu metabolites (A-
M), (?) polar Flu metabolites (P-M) and (?) tissue residues (T-R) in Capitella sp. I and sp. S following exposure to 30 
µg Flu/g dry wt sed.  
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3.4 Subcellular Distribution Experiment  
Analysis of the subcellular distribution of Flu (fig. 
2) showed that exposure time had an effect on Flu 
concentrations in the subcellular fractions (i.e., 
debris, mitochondria, microsomal and cytosol) 
(ANOVA: all p-values < 0.05). Throughout the 
experiment sp. I and sp. S accumulated almost 
equal amounts of Flu in the debris fraction and on 
day 10 both species contained an accumulated Flu 
eq. concentration of ca. 80 µg Flu eq./g dry wt 
worm. The Flu eq. content in the mitochondria 
and microsomal fractions showed that Capitella 
sp. I accumulated higher amounts than sp. S after 
10 days of exposure. Thus, the level of Flu on day 
10 in the mitochondria fraction was up to ca. 90 
µg Flu eq./g dry wt worm for sp. I and ca. 40 for  
sp. S, whereas in the microsomal fraction the Flu-
concentration only reached ca. 4 µg Flu eq./g dry 
wt worm for sp. I and ca. 1 µg Flu eq./g dry wt for 
sp. S. The distribution of Flu in the cytosolic 
fraction at the end of exposure showed however 
the largest difference between Capitella sp. I and 
sp. S (ANOVA: p < 0.001). Whereas Capitella sp. 
I had increased the amount of Flu up to ca. 145 µg 
Flu eq./g dry wt worm after 10 days, sp. S only 
showed a Flu accumulation up to ca. 10 µg Flu 
eq./g dry wt worm. At the end of the experiment 
the percent distribution of Flu in the four fractions 
for sp. I was: debris: 24.8 %, mitochondria: 28.1 
%, microsomal: 1.2 % and cytosol: 45.9 % and for 
sp. S: debris: 63.2 %, mitochondria: 28.5 %, 
microsomal: 0.8 % and cytosol: 7.5 As in the
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Fig. 2. Distribution of total fluoranthene (parent + metabolites; Flu) among debris (DE), mitochondria (MI), 
microsomes (MC) and cytosol (CY) in cells from Capitella sp. I (    ) and sp. S (    ) exposed to 30 µg Flu/g dry wt sed 
over a period of 10 days. Data are presented as the mean ± sd (µg Flu eq./g dry wt worm) of 4 replicates of 7/ 8 worms. 
Asterisks show significant differences between species. 
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Biotransformation Experiment, there was a 
significant difference (ANOVA: p = 0.003) in the 
total body-burden between the two species as 
Capitella sp. I reached a total body-burden of 26.7 
µg Flu eq./g dry wt worm (SD = 74.8, n = 4), 
while the total body-burden of sp. S was 137.2 µg 
Flu eq./g dry wt worm (SD = 17.7, n = 4).  
 
3.5 DNA Damage Experiment 
Overall there was no significant effect (ANOVA: 
p = 0.75) of treatment (Flu-exposed vs control 
worms) in DNA damage measured as Tail Extent 
Moment on Capitella sp. S (fig. 3). Even though 
an effect of time was detected (ANOVA: p = 
0.005), the only observed difference was in the 
Flu-exposed group between day 1 and day 5 
(Tukey’s HSD test: p = 0.01), but since there were 
no differences between Flu-exposed and control 
worms on either days, this cannot be assigned to 
an effect of Flu exposure. Also, there was no 
significant interaction between time and treatment 
(ANOVA).  
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ig. 3. DNA damage in Capitella sp. S cells in (?) 
ontrol groups (n = 3) and in (?) Flu exposed groups 
 = 4) (30 µg Flu/g dry wt sed) over a time period of 
5 days. Mean DNA damage (± sd) is measured as Tail 
xtent Moment using the comet assay. 
to the control group, demonstrating that the assay 
was performed correctly. 
 
 
4. DISCUSSION 
Tolerance to toxicants is dependent on a 
combination of uptake (uptake routes), 
intracellular fate (e.g., biotransformation), gut 
retention time of the toxicant, excretion, kind and 
degree of damage caused by the toxic agent and 
the degree to which the organism is able to deal 
with the damage (e.g., repair mechanisms). Our 
results suggest that the efficiency of biotrans-
formation ability may have a major impact on the 
toxicity of Flu to Capitella species. Biotrans-
formation of PAHs is common in marine 
invertebrates, but the efficiency of biotrans-
formation varies greatly and until now there has 
been limited knowledge about the influence of 
biotransformation ability on observed differences 
in species sensitivity. This study focused on two 
sibling species, Capitella sp. I and sp. S which 
have shown marked differences in tolerance to Flu 
exposure. We found that Capitella sp. I contained 
a significantly higher amount of Flu-metabolites 
compared to sp. S, demonstrating a higher 
biotransformation ability of Capitella sp. I. In a 
similar study, Selck et al. (Selck et al. 2003b) 
reported that Flu-metabolites constituted 75 % of 
the total PAH body-burden in Capitella sp. I after 
5 days of exposure to 30 µg Flu/g dry wt sed. 
Similar to Selck et al. (2003b) we found low 
amounts of polar metabolites (P-M) compared 
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showed significant a difference in Tail Extent 
Moment (ANOVA: all p-values < 0.05) compared 
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with aqueous metabolites (A-M) in Capitella sp. I, 
which probably reflects the speed with which the 
initial polar metabolites are further conjugated to 
more aqueous metabolites (A-M fraction). As 
suggested by Selck et al. (2003b) Capitella sp. I 
ay depurate large amounts of Flu in the form of 
queous metabolites, which indicates that sp. I in 
e had an even higher uptake of 
ercenaria (Brown 
m
a
this study may hav
parent Flu than we estimated. Although the total 
Flu eq. in sp. I increased as a function of time, the 
accumulated concentration of parent Flu at the end 
of the experiment (day 10) was no different than 
the concentration at the first sampling time (day 
3). Similarly the uptake kinetics of parent Flu by 
sp. S was initially rapid followed by a reduced 
accumulation rate, but in contrast to sp. I this 
pattern was closely reflected in the accumulation 
of total Flu. Previous experiments using an 
identical set-up suggest that degradation/loss of 
Flu was less than 5% during the time period of 
this experiment and that worms did not deplete 
ingestible sediment particles (Selck et al. 2003b). 
Thus neither of these factors provide a likely 
explanation for the reduced uptake rates. Neither 
is it likely that this reduction in accumulation rate 
was due to decreased sediment processing, since 
Méndez et al. (2001) found no effect of Flu (10 
and 90 µg/g dry wt sed) on sediment processing 
by either sp. I or sp. S. The latter corresponds well 
with the fact that we found no effect of 30 ppm 
Flu on growth rate for sp. S (data not shown), and 
that Selck et al. (2003a) likewise found no effect 
of Flu on growth rate in sp. I.  
It is known that biotransformation efficiency 
varies greatly among species, even among species 
that are closely related. The observed differences 
in biotransformation efficiency between Capitella 
species may be due to several factors. Recently 
Palmqvist (unpubl.) found that Flu-metabolites 
constituted ca. 35% of total Flu (i.e., Flu-
metabolites and parent Flu) in Capitella sp. S after 
4 days of exposure to 100 µg Flu/g dry wt sed, 
whereas Capitella sp. I was found to biotransform 
up to 66% Flu. In relation to the present study 
(exposure to 30 µg Flu/g dry wt sed) this suggests 
that the biotransformation system in Capitella sp. 
S may be inducible at higher exposure 
concentrations, although it does not reach the high 
activity found for sp. I. The mechanism of 
induction of CYP-genes in invertebrates is not yet 
clear. In mammals, PAHs enter the cell through 
the plasma membrane, whereupon some of the 
PAH may bind to the cytosolic Ah receptor 
protein. The Ah receptor-ligand complex is 
transformed into a form that can migrate into the 
nucleus and combine with one or more regulatory 
sites on CYP1A1 and other genes, bringing about 
increased transcription, followed by increased 
protein synthesis (Hahn 2002). Such an Ah 
receptor has to our knowledge not been identified 
in marine invertebrates, and attempts using 
photoaffinity to find evidence for the receptor in 
some marine invertebrates such as echinoderms, 
arthropods, molluscs and annelids have failed 
(Hahn and Stegeman 1992). Yet indications of the 
existence of an Ah receptor homologue have been 
found in several organisms including the 
nematode, C. elegans (Powell-Coffman et al. 
1998), the clam, Mercenaria m
et al. 1995), and other mussels, though the exact 
role of this homologue is still under discussion 
[see Hahn 2002 for review]. The observed 
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difference in biotransform-mation between 
Capitella sp. I and sp. S in the present study may 
be a result of lower levels of activity of an Ah 
receptor homologue in Capitella sp. S compared 
to sp. I, which could result in less transcription of 
the involved CYP-gene and subsequently less 
biotransformation. Li et al. (2004) did not detect 
the CYP3A (CYP331A1) and CYP4A (CYP4AT1) 
transcripts in unexposed Capitella sp. S using RT-
PCR, whereas both transcripts were detected in 
Capitella sp. I. Also, the CYP3A was induced (up 
to 2 fold) after exposure to different 
concentrations of Flu in sp. I, though the induction 
(2.5 fold upregulation) was more pronounced 
following exposure to benzo[a]pyrene. According 
to the data obtained by Palmqvist (unpubl.) it is 
clear that sp. S is able to biotransform Flu to some 
degree, which suggests that either the genes 
investigated by Li et al. (2004) are inducible in sp. 
S and that the basal level is too low to be detected 
by RT-PCR or that other CYP-genes are 
responsible for the biotransformation of Flu. 
The differences in biotransformation ability are 
reflected in the differences in subcellular 
distribution pattern of Flu in the four fractions 
(i.e., debris, mitochondria, microsomal and 
cytosol) between Capitella sp. I and sp. S. 
Capitella sp. S did not biotransform very 
efficiently, whereas sp. I had high biotrans-
formation ability. In organisms that are able to 
biotransform it is expected that the metabolites are 
found in the non-membrane cell compartments 
due to the less lipophilic character of the 
metabolites. In contrast, the untransformed parent 
compound would be located in the different 
membranes (primarily the plasma-membrane but 
also in the membranes of organelles such as 
mitochondria, lysosomes, and ER) in organisms 
both with high and with low biotransformation 
ability. Lowe and Pipe (1994) found increased 
membrane fluidity in the lysosomes of mussel 
digestive cells measured as increased probe loss 
(neutral red) from the lysosomes to the cytosol 
after exposure to Flu, and it is known that much of 
the damage to the lysosomes is a consequence of 
their ability to concentrate a wide range of 
contaminants, resulting in increased permeability 
of their membranes and loss of the acid hydrolase 
into the cytosol, causing cellular damage (Lowe et 
al. 1995). Moore and Willows (1998) 
hypothesized that lysosomes (mitochondria 
fraction) are pre-adapted to stress and that animals 
with highly developed cellular lysosomal systems 
are more tolerant of pollutants. In the present 
study, Capitella sp. I showed much higher levels 
of Flu in the mitochondria fraction than sp. S, 
which could be explained by the above-mentioned 
hypothesis. Yet, there is also the possibility that 
the Flu equivalents in the mitochondria fraction 
consist of biotransformed Flu, most likely in the 
form of polar Flu-metabolites.  
In this study we found no genotoxic effect of Flu 
in the form of DNA damage in Capitella sp. S, as 
Flu has been shown to induce in sp. I. Palmqvist et 
al. (2003) compared fractions of Flu-metabolites 
(P-F, A-M, P-M and T-R) with DNA damage 
caused by Flu (30 ppm) in Capitella sp. I and 
found it most likely that the aqueous metabolites 
(A-M) or probably short-term precursors of the 
aqueous metabolites such as Flu epoxides or diol-
epoxides were responsible for the genotoxic 
effect. As the A-M fraction is considered to 
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represent phase II products, which are polar phase 
I metabolites further conjugated to endogenous 
cell constituents, this fraction may therefore 
contain Flu epoxides and Flu diol-epoxides, which 
are both found to be genotoxic (Babson et al. 
1986). In agreement with this, Forbes et al. (2001) 
investigated biotransformation and biotransform-
mation products of Flu in Capitella sp. I by HPLC 
analysis, and proposed the existence of two 
metabolites, 3- and 8-hydroxyfluoranthene, 
formed by Capitella sp. I. Both metabolites could 
potentially be further biotransformed into the 
mutagenic 2,3-diol Flu and 7,8-diol Flu, which 
may form adducts to the nucleoside in the DNA 
molecule and may result in DNA helix distortion 
or in labile AP-sites (Carr and Hoekstra 1995, 
Akcha at el. 2000, Palmqvist et al. 2003). Even 
though Capitella sp. S produced small amounts of 
potentially DNA damaging metabolites, the 
worms may either have excreted these metabolites 
before they interacted with the DNA molecule and 
exerted damage, or they were capable of 
maintaining low levels of DNA damage as the 
result of an effective repair system. Another 
reason for not detecting any DNA damage may be 
of action (Lowe et al. 1995, 
due to the limitations of the comet assay. Flu or 
Flu-metabolites may have generated DNA damage 
that the comet assay is not designed to detect. This 
could be DNA damage for example in the form of 
bulky adducts that results in replication blockage 
and thereby cytotoxicity (Shugart 2000), which 
could in part explain the higher mortality of sp. S 
compared to sp. I. 
DNA damage is often used as a biomarker of 
exposure to genotoxic chemicals at the whole 
organism level. However, the usefulness of this 
assay is debated (Kriek et al. 1998, Mitchelmore 
and Chipman 1998, Akcha et al. 2000, Shugart 
2000, Ching et al. 2001, Palmqvist et al. 2003) 
and in relation to the findings of this study the 
recommendation of DNA damage as a biomarker 
of exposure is dubious. In the present study there 
was indication of a poorer survival in the sensitive 
Capitella sp. S when exposed to Flu but this 
species showed no increase in DNA damage after 
Flu treatment. In a similar study, with exposure to 
the same Flu-concentration, Palmqvist et al. 
(2003) found elevated levels of DNA damage in 
the more tolerant species (sp. I) though this 
response was only transient. That such closely 
related species give such contradictory responses 
demonstrates that DNA damage and the use of the 
comet assay is not sufficient as a biomarker of 
either exposure or effect.  
Although Flu possibly does not have genotoxic 
effects on Capitella sp. S, it exerts other effects on 
this species. When Flu is not biotransformed it is 
highly lipophilic (log Kow = 5.24), and tends to 
accumulate within the lipid-rich cell membranes. 
As a result of being able to biotransform, 
Capitella sp. I primarily accumulated Flu eq. in 
the cytosolic fraction, whereas the highest Flu 
equivalent concentration in sp. S was found in the 
membrane (debris fraction). Binding of Flu to the 
cell membranes may have serious costs for the 
cells. When sufficient amounts of a toxicant bind 
to the membrane, the function of the membrane 
becomes impaired and it is likely that Flu has such 
a narcotic mode 
Driscoll et al. 1997). Furthermore, a well-
functioning cell-membrane is important for the 
homeostasis of the cell, and Yamaguchi et al. 
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(1996) found that Flu triggered an influx of 
extracellular Ca2+ resulting in cell-dysfunction and 
cell death (apoptosis) in T-cells. Apoptosis is 
often a result of increased levels of intracellular 
Ca2+ as a result of dysfunction of the membrane-
bound Ca2+ -pumps and gates in the plasma-, 
mitochondria- and ER-membranes leading to 
Ca2+-influx from the extracellular region and 
release from intracellular stores (Kass and 
Orrenius 1999).  
Compared to many other marine benthic 
invertebrates, including Capitella sp. S, Capitella 
sp. I is an efficient biotransformer (Selck et al. 
2005, Christensen et al. 2002). Together with its 
opportunistic life-history traits, this gives 
Capitella sp. I an advantage in competition with 
other sediment-dwelling organisms, and is 
probably an important contributor to the success 
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is tightly coupled to biotransformation ability and 
that other aspects of PAH toxicity (e.g., membrane 
disruption) are more relevant than DNA damage 
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ABSTRACT 
 
Capitella capitata was formerly regarded as a single opportunistic, cosmopolitan polychaete species charac-
teristically present in dense populations in highly disturbed environments. Yet, this species was later shown 
to consist of a closely related complex of an unknown number of sibling species. Previous studies in our 
laboratory have shown response differences between Capitella species when exposed to the oil-compound, 
fluoranthene (Flu), a 4-ringed PAH. Of the two species examined, Capitella sp. I has, in an earlier study, 
been found to be physiologically more tolerant to Flu contaminated sediments compared to the sibling 
species Capitella sp. S. Since the two species showed such remarkable differences in response to Flu expo-
sure, differences in general condition (e.g., energy reserves) were examined between the two species, as 
organisms under stress may alter the composition of stored energy. Capitella sp. I and sp. S were exposed to 
0, 30, 60 or 90 µg Flu/g dry wt sediment for 10 days and analysed for protein-, glycogen- and lipid content. 
The two species showed significant differences in the amount of protein, glycogen and lipid when 
unexposed, with Capitella sp. I containing ~10 times the amount of lipid, though less protein and glycogen 
than sp. S. It could not be demonstrated that Capitella sp. S was affected by Flu exposure using any of the 
parameters measured. Capitella sp. I was however clearly affected by Flu exposure in terms of decreased 
lipid content, which is likely to be a result of higher energy demand associated with biotransformation.  
 
 
Keywords: polycyclic aromatic hydrocarbons, polychaete, energy reserves, interspecies variability, sediment 
contamination. 
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1. INTRODUCTION 
Capitella capi
regarded as 
polychaete species, chara
dense populations in highly disturbed 
ments. However, this species was later shown to 
consist of a closely related complex of an 
unknown number of sibling species (Grassle and 
Grassle 1976; Grassle 1980). The sibling species 
have such great morphological similarity that 
omplex can not be separated by conventional 
ecies are successful in disturbed and oil-polluted 
reas, and some of the species in the complex are 
pills (Grassle and Grassle 1974; 
anders et al. 1980). Previous studies in our 
laboratory have shown response differences 
between Capitella species when exposed to the 
polycyclic aromatic hydrocarbon (PAH), 
fluoranthene (Flu), (Linke-Gamenick et al. 
2000a). Of the two species examined in this earlier 
study, Capitella sp. I was found to be more 
ts compared 
which was 
 
 rate and simultaneously reduced food 
intake during exposure. For Capitella sp. S Flu 
exposure (95 µg Flu/g dry wt sed.) resulted in high 
mortality rates combined with reduced population 
growth rates (Linke-Gamenick et al. 2000a; 
e-Gamenick et al. 2000b). Recently, we 
exposed Capitella sp. I and sp. S to sediment 
ctive 
requirements of an organism, energy is stored as 
either glycogen or lipids. In times of increased 
these energy stores are remobilized. Under severe 
stress, proteins can also be used as an energy 
source, although protein is not synthesized and 
stored for this purpose (Mayer et al. 1992). 
Conversely, Slobodkin (1962) stated ‘There is no 
clear advantage to adiposity’ meaning that if food 
supply is regular and predictable, any extra energy 
tata (Fabricius 1780) was formerly tolerant to Flu contaminated sedimen
a single opportunistic, cosmopolitan 
cteristically present in 
to the sibling species Capitella sp. S, 
found to be least tolerant and showed increased
environ- metabolic
the Link
c
taxonomic species descriptions. Nevertheless they 
are distinguished by a variety of genetic, 
developmental and reproductive features (Grassle 
and Grassle 1976; Grassle 1980; Eckelbarger and 
Grassle 1983; Eckelbarger and Grassle 1987; 
Grassle et al. 1987; Pearson and Pearson 1991; 
Wu et al. 1991). Furthermore, differences in 
ecophysiological characteristics, such as tolerance 
to abiotic factors, have been described within the 
species complex (Gamenick and Giere 1994; 
Gamenick et al. 1998; Linke-Gamenick et al. 
2000b). As a result of specific life-history traits 
(e.g., rapid growth, early maturation, widespread 
dispersal ability and rapid population growth) plus 
a generally high tolerance to pollutants, Capitella 
contaminated with 30 µg/g dry wt sed 
radioactively labelled Flu (Bach et al. – paper I). 
The two species showed remarkable differences in 
ability to biotransform (i.e., detoxify) Flu, with 
Capitella sp. I showing a much higher biotrans-
formation capacity than sp. S. 
In the present paper it is investigated whether 
there is a difference in the general condition of the 
two Capitella species when exposed to Flu by 
measuring protein, glycogen and lipid. When 
organisms are subjected to either physical or 
chemical stress (e.g., exposure to PAHs), altera-
tions in the composition of stored energy reserves 
may occur. During times when energy intake 
exceeds the maintenance, growth and reprodu
sp
a
among the first invertebrates to recolonize areas 
following oil s
energy demand, such as stress or reproduction, 
S
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above maintenance requirements is most 
 = 3) determined as 
profitably put directly into the gonads, not into 
storage products (Taghon et al. 1994). This view 
has been supported by Marrs et al. (1990) and 
Eckelbarger (1994) who claimed that 
opportunistic species use the specialized vitel-
logenic pathway, which enables the species to 
rapidly allocate any excess energy (beyond main-
tenance ration) directly into rapid growth and 
reproduction. It has been suggested that Capitella 
sp. I has very little in the way of stored energy 
reserves (Forbes et al. 1994). Since it is under 
discussion whether all species in the Capitella 
species complex can be considered as 
opportunistic species (especially species S) it is of 
major interest to compare differences in energy 
storage between Capitella sp. I and sp. S and 
determine whether there are any effects of Flu on 
deposition of energy reserves. 
 
2. MATERIALS AND METHODS 
2.1 Worms 
Capitella sp. I was collected in Setauket Harbour, 
Long Island Sound, New York, USA in 1984, and 
identified as species type I by J.P. Grassle. 
Capitella sp. S was collected from oxygen-rich, 
organic-poor intertidal flat sediments of the island 
of Sylt, North Sea, Germany, by Gamenick and 
Giere in 1994. These species of Capitella repro-
duce readily in culture and have been reared in our 
laboratory for many generations. Separate popula-
tions of Capitella (sp. I and sp. S) were cultured in 
plastic aquaria containing a 3 - 4 cm layer of 
sediment (grain size < 250 µm) and aerated 
filtered seawater (31 ‰ salinity) at room 
temperature (ca. 21 oC). The sediment was regu-
larly supplemented with a mixture of ground 
commercial fish food (Tetra Min©, Tetra Werke, 
Melle, Germany), dried baby cereal (Milpo©, 
Milupa, Hoersholm, Denmark), and dried spinach 
in equal ratios. 
 
2.2 Sediment 
All sediments were collected from a shallow 
subtidal area in Roskilde Fjord (Store Havelse; 
6199265°N, 690455°E), Denmark. The top few 
centimeters of the surface sediment were scraped 
off and sieved to a grain size of < 63 µm, using 
tap water to kill any remaining meiofauna. The 
sieved sediment was allowed to settle and the 
overlying tap water replaced with seawater before 
freezing to – 20 oC. The organic content of the 
sediment was 13.6 ± 0.3 % (n
weight loss on ignition at 550 oC for 24 h. 
 
2.2.1 Preparation of sediments 
Flu-contaminated sediment (30, 60 and 90 µg Flu/ 
g dry wt sediment) was prepared by adding a 
stock solution of Flu (crystalline fluoranthene, 98 
% GC grade, Sigma-Aldrich) dissolved in acetone 
(2.82, 5.64 or 8.46 mg Flu/ml) to glass containers, 
so that 3 ml of the stock solutions was added per 
kg wet wt sediment. Control sediments were 
prepared similarly by addition of solvent alone to 
glass containers. The sediments were conta-
minated in the dark by coating the Flu onto the 
inner surface of the glass containers, which were 
left on a shaking table until the solvents were 
evaporated (approx. 2 hours). Sediment (< 63 µm) 
was then added in known volumes and the glass 
containers were left on a shaking table for another 
48 hours in the dark at room temperature. Con-
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taminated sediments as well as control sediments 
were subsequently frozen (-20 oC) until use. To 
quantify the actual Flu concentration in the 
experimental sediment a method described by 
Linke-Gamenick et al. (1999) was used. Briefly, 2 
replicate sediment samples of 0.5 g were taken 
from each Flu spiked experimental sediment 
portion and 1 ml methanol and 2 ml ethyl-acetate 
added to each. After stirring (5 s) the samples 
were exposed to ultrasonic treatment (10 min), 
stirred (5 s) and centrifuged (3000 × g). The 
supernatant was transferred into a new glass tube, 
and the extraction repeated twice without 
methanol addition. The collected supernatant was 
stirred, exposed to ultrasonic treatment and stirred 
again, whereupon 7 ml was transferred into a new 
glass tube. The sample was held in a 35 °C water 
bath during evaporation with nitrogen gas to 
almost dryness. 1 ml of ethyl-acetate was added 
nd the sample stored at -80° until analysis. After 
Flu concen-
 measured by using a Dionex HPLC 
n the same day (day –1) 30 g wet 
t sediment of either control or contaminated 
0 or 90 µg Flu/ g dry wt sed.) was 
 left in 
lean water until the next day in order to allow 
d be cleaned of a
centrifugation (5 min at 3000 × g) 
trations were
system with a RF2000 fluorescence detector and a 
Primesphere column (4.6 mm by 25 cm, 5 µm 
C18-Hc 110 A; Microlab, Aarhus, Denmark). The 
mobile phase was a linear gradient of methanol-
water (30, 60, and 90 % methanol, plus 0.5 % 
acetic acid) run for 80 min at 0.85 ml/min. UV 
absorbance was measured at 254 nm.  
All sediment spiking and further work with Flu 
was carried out under dimmed light to minimize 
photo-degradation of Flu. 
 
2.3 Protein, glycogen, and lipid analysis 
2.3.1 Experimental setup 
One day prior to the start of the experiment worms 
(sp. I and sp. S) were sieved from laboratory 
cultures. For each species equally sized worms 
(both males and females) were selected and left in 
groups of five in clean seawater until the 
following day. O
w
sediment (30, 6
transferred to glass beakers (100 ml), and 50 ml of 
clean filtered (< 0.2 µm) seawater was added. The 
beakers were then left for 24 hours in the dark. On 
day 0 (the start of the experiment), 30 ml of the 
overlying water was renewed before 80 randomly 
chosen worms were transferred to each of the 
beakers (one beaker equals one replicate). The 
beakers were covered with parafilm through 
which a syringe connected to an air pump was 
placed. At the time of sampling (day 10) worms 
were gently sieved out of the sediment and
c
them to empty their guts an
adsorbed Flu. Worms for protein analysis (4 
worms per replicate) and lipid (10 worms per 
replicate) were measured for body volume, 
whereas worms for glycogen analysis (at least 25 
worms pr replicate) were weighed. A video 
camera mounted on a dissection microscope was 
used to grab pictures of live worms, and using an 
image analysis program (SigmaScan Pro vers. 
5.0.0) individual body length (L, mm) and area 
(A, mm2) were measured. The worm size estimate 
used in the analysis was the mean of two 
independent replicate volume determinations. 
Assuming that worms are cylindrical in shape, 
body volumes (BV) were estimated (Self & 
Jumars 1978): BV= [(π × A2) / (4 × L)].  
Finally, the worms were transferred to eppendorf 
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tubes, frozen in liquid nitrogen and stored at -20 
°C until analysis.  
 
2.3.2 Protein 
The amount of protein was determined using a 
method described by Bradford (1976). This 
method is based on the observation that the dye 
Coomassie Brilliant Blue exists in two different 
colour forms, red and blue. The red form is 
converted to the blue form upon binding of the 
dye to protein. Briefly, controls and Flu-exposed 
worms were thawed and homogenized in 0.3 ml 
milliQ water using a tissue homogenizer for 30 
sec. Three replicates of 15 µl of standards and 
samples (diluted when necessary) were transferred 
to a multi-well plate (96 well), followed by the 
addition of 30 µl milliQ water and 90 µl dye 
reagent (1 part Protein Assay Dye Reagent 
Concentrate (Bio-Rad, Herlev, Denmark) to 4 
parts milliQ water). After 20 minutes the samples 
were measured on an ELISA-reader at 595 nm. 
 
2.3.3 Glycogen 
A modified version of the method described by 
Keppler and Decker (1974) was used to measure 
glycogen content. The method is based on an 
enzymatic reaction converting glycogen to 
glucose, which is further degraded to gluconic 
acid and H2O2, which upon addition of o-dianis-
 at 250 × 
peroxidase 
) 
idine and peroxidase, forms a colour-complex.  
 
 glycogen + (H
 
 
H
 
Control and Flu-exposed worms were thawed and 
homogenized in 300 µl Na-acetate buffer (0.2 M 
adjusted with acetic acid to pH 4.8) using a tissue 
homogenizer for 30 sec., and centrifuged at 250 × 
g for 15 min at 0 ºC. One hundred µl of samples 
and standards were transferred to eppendorf tubes 
and 500 µl of amyloglucosidase (40 U/mg, Sigma-
Aldrich A7420 suspended in 50 ml Na-acetate 
buffer: ~20 U/ml) was added. The samples and 
standards were incubated in a shaking water bath 
at 40 ºC for 2 hours. The incubation was stopped 
by addition of 50 µl ice cold perchloric acid (3 
M), neutralized with 250 µl NaHCO3 (3 M) to pH 
6 – 8, and centrifuged for 20 min at 250 × g and 0 
ºC. Duplicates of 100 µl samples and standards 
were transferred to cuvettes (1 cm light path), and 
900 µl of combined enzyme- and colour reagent 
(Sigma-kit 510-DA) was added. The cuvettes were 
turned up side down and incubated for 45 min in 
the dark before spectrophotometric absorbance 
was read at 450 nm.  
 
2.3.4 Lipid analysis 
Controls and Flu-exposed worms were analyzed 
for lipid employing a modified form of a method 
described by McElroy (1990) assuming that the 
lipids will partition into the chloroform phase. 
Worms were thawed and homogenized in 0.8 ml 
milliQ water for 30 sec and transferred to Pyrex 
centrifuge tubes (10 ml). One ml of chloroform 
and 2 ml of methanol were added to each sample, 
and after mixing for 30 sec on a whirl mixer, the 
samples underwent ultrasonic treatment for 10 
min. An additional 1 ml chloroform and 1 ml 
milliQ water were added, the samples were mixed 
for an additional 30 sec., and centrifuged
g for 5 min, whereupon a water/methanol phase, a 
2O)n-1   
amyloglucosidase
   (glucose)n
glucose + H2O + O     
glucose oxidase   gluconic acid + H2O2
2O2 + o-dianisidine         oxidazedo-dianisidine  
      (brown
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0.20
0.25
0.30
0 30 60 90
chloroform phase and pellet were formed. The 
water/methanol a
tr
from the pelleted tissues 
half the volumes of solvents. The chloroform 
phase was then transferred to a pre-weighed Pyrex 
tube (5 ml) and evaporated to dryness by placing 
the tubes in a heat block (50ºC) in a fume 
cupboard. The remaining pellet was assumed to 
consist of lipids and the content determined by 
weighing. 
 
2.4 Statistics 
Analysis of variance (ANOVA) was used to test 
for differences in protein, glycogen and lipid 
contents between worms of sp. I and sp. S for all 
four exposure concentrations. Furthermore, 
ANOVA was performed, for each species 
separately, to test whether exposure concentration 
had an effect on protein, glycogen and lipid 
content. 
T s HSD test was performed when the
ANOVA indicat
all analyses, assumptions of normality and homo-
geneity of variances were verified by graphical 
inspection of the data. Significance was defined as 
p < 0.05. All statistical analyses were conducted 
using Statistica (ver 6., StatSoft, inc., USA). 
 
 
3. RESULTS 
oncentra
ncentrati d 
± 0.4 (
d, 50.8 ± 5.4 (n = 2) µg Flu/g dry wt sed and 
 
 
 
3.1 Sediment Flu c tions 
The initial Flu co ons in contaminate
sediments were 24.1 n = 2) ry wt  µg Flu/g d
se
109.7 ± 1.9 (n = 2) µg Flu/g dry wt sed which 
approximated the nominal Flu concentrations of 
30, 60 and 90 µg Flu/g dry wt sed respectively. 
 
3.2 Protein, glycogen and lipid content 
A significant difference in protein content was 
found between un-exposed worms of Capitella sp. 
I and sp. S (ANOVA: p = 0.002), such that sp. I 
contained less protein than sp. S.  This difference 
in protein content between the two species was 
also evident in all exposure concentrations 
(ANOVA: all p-values < 0.005). There was no 
difference in the protein content between un-
exposed and exposed (for any concentrations) 
worms for either species (Tukey's test: all p–
values > 0.05).  
 
 
 
 
 
 
 
 
 
Fig. 1. Protein content in Capitella sp. I (    ) and sp. S  
(  ) worms after 10 days of exposure to fluoranthene 
(0, 30, 60, and 90 µg Flu/g dry wt sed). The contents 
are mean values ± sd µg/µg dry wt worm (n = 4). 
 
 
The glycogen content (fig. 2) was not affected by 
Flu exposure at any concentration compared to the 
control for either of the worm species (Tukey's 
test: all p-values > 0.07). Yet, un-exposed worms 
of Capitella sp. I contained less glycogen than un-
exposed worms of sp. S (ANOVA: p = 0.005).  
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Fig. 2. Glycogen content in Capitella sp. I (   ) and sp. 
S (   ) worms after 10 days of exposure to fluoranthene 
(0, 30, 60, and 90 µg Flu/g dry wt sed). The contents 
re mean values ± sd µg/µg dry wt worm (n = 4).  
g. 3. Lipid content in Capitella sp. I (   ) and sp. S (   ) 
orms after 10 days of exposure to fluoranthene (0, 30, 
u/g dry wt sed). The contents are mean 
  
90 
g/g), Capitella sp. I showed however a 
pared to 
 parameters for Capitella sp. S. 
or was the protein or glycogen content of 
 
i  I. 
This may be caused by increased energy demand 
to deal with the toxicants. Defensive responses to 
Flu exposure may beside biotransformation 
include other processes such as increased m cus 
production and increased ventilation activity; 
rocesses which are known to be energetically 
 
r by 
amete resorption. It is a common phenomenon 
le 
eggs in the coelom of any of the worms. It is also 
a
 
 
Furthermore, Capitella sp. I worms showed 
significantly lower glycogen content than sp. S 
after exposure to 30 µg/g Flu (ANOVA: p < 
0.001), whereas there was no difference between 
the two species after exposure to 60 or 90 µg/g 
(Tukey's test: p = 0.181 and 0.083, respectively). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi
w
60, and 90 µg Fl
values ± sd µg/µg dry wt worm (n = 4).
 
 
A significant difference was found in the lipid 
content between control worms of sp. I and 
control sp. S (ANOVA; p < 0.001), with Capitella 
sp. I having a 6 - 7 fold higher lipid concentration 
(fig. 3). After exposure to Flu (30, 60, and 
µ
significant reduction in  lipid content com
the control (Tukey's test: all p-values < 0.001), 
such that the difference in lipid content between 
species in contaminated sediments was not 
significant (Tukey's test: all p-values > 0.15).  
 
 
4. DISCUSSION 
When analysing the condition of the worms i.e., 
protein-, glycogen-, and lipid content there was no 
effect of Flu exposure (30, 60 and 90 µg Flu/g dry 
wt sed) on these
N
Capitella sp. I affected by Flu exposure. In 
contrast, Flu at all exposure concentrations clearly
caused a decrease in lipid content in spec es
u
p
expensive (Calow 1991; Forbes and Calow 1996).
The required energy might be compensated for 
either by normal lipid reserve metabolism o
g
for polychaetes to resorb gametes in response to 
starvation and/or stressors to create a quickly 
accessible energy reserve. Though Eckelbarger et 
al. (1984) found indications of such gamete 
resorption in Capitella sp. I, it is unlikely to have 
occurred in this study, as there were no visib
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unlikely that the decrease in lipid content in sp. I 
is a result of a decreased food intake (which m st 
likely results in reduced growth), since Selck et al. 
(2003) found no effect of Flu (30 µg Flu/g dry  
sed) on either sediment processing or growth for 
sp. I, though the decrease in lipid content was 
apparent at exposure to 30 µg Flu/g dry wt sed
Based on the assumptions that biotransformation 
 energetically expensive (Holloway et al. 1990, 
ing 
apitella sp. I following exposure to 30 µg Flu/g 
r 
Capitella worms was found in the literature for 
comparison, nor have pollution-induced changes 
in cellular energy budgets previously been 
described for Capitella. Selck and Forbes (2004) 
measured total protein content in Capitella sp. I 
before and after exposure to cadmium but found 
no changes. A reduction in both glycogen and 
lipid reserves under pollutant-induced stress has 
however been observed for other invertebrates, 
ch as the isopod Porcellio dilatatus, when 
a 
ontaminated site contained both less glycogen 
sp. I sp. S
exposure concentration
w
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Fig 4. Total energy reserve budgets shown in the three 
fractions: lipid (   ), glycogen (   ), and protein (   ) in 
energetic equivalents (mJ/µg dry wt worm) for sp. I 
and sp. S after 10 days of exposure to fluoranthene (0, 
30, 60, and 90 µg Flu/g dry wt sed). 
 
 
 
Since energy budgets reflect the total available 
energy of the organism such estimation may be 
more relevant than the absolute content of each 
energy reserve. Energy reserve budgets were 
calculated by summing the energetic values for 
different reserves (fig. 4), using an enthalpy of 
combustion of 24,000 mJ/mg protein, 17,500 
mJ/mg glycogen, and 39,500 mJ/mg lipid 
(Gnaiger 1983). For both species the glycogen 
content formed the smallest fraction of the total 
energy budget. And though glycogen can deliver 
fast energy in the form of ATP, lipids, which 
comprised a major part of the energy reserve in 
o
 wt
.  
is
Calow 1991) it is most likely, that the increased 
Flu-related energy demand is associated with 
iotransformation expenditures. By studyb
C
dry wt sed Palmqvist et al. (2003) found 
indications for an induced DNA repair system 
which is energetically expensive as well in terms 
of an increased demand of supplementary building 
blocks (De Coen and Janssen 2003). 
No data for either glycogen or lipid content fo
su
exposed to endosulfan and parathion (Ribeiro et 
al. 2001). In a study by Durou et al. (2005), the 
olychaete, Nereis diversicolor, collected at p
c
and less lipid than worms collected at a control 
site. As N. diversicolor collected at the polluted 
site exhibited tolerance to zinc, the authors 
suggested that the general depletion of energy 
reserves observed in this population could be 
interpreted as a cost of tolerance. In comparison, 
the present study showed that unexposed sp. I 
worms contained high levels of lipid, which 
decreased markedly when worms were exposed to 
Flu. 
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oung individuals are more sensitive to chemicals 
an are bigger or older ones, due to differences in 
e surface/volume ratio and a higher basal 
only a slightly 
igher basal respiration rate in sp. S compared to 
p. I (11.95 ± 1.86 and 9.23 ± 1.58 µmol O2/h/g 
both species, are an especially good storage 
product as they contain twice as many calories per 
unit dry weight as protein or carbohydrates 
(Taghon et al. 1994). 
In the present study the results for Capitella sp. I  
are comparable with a study on zebra mussels 
(Dreissena polymorpha) exposed to a fie
pollution-gradient, in which the total energy 
budget was found to be increasingly negative with 
increasing pollution levels (Smolders et al. 2004). 
Also, by studying the cellular energy allocation 
(quantified by changes in total energy reserves and 
energy consumption, CEA) in Daphnia magna 
exposed to several toxicants for 48 and 96 h, it 
was found for most cases that the observed 
reductions were a result of both decreased energy 
reserves (sum of lipid, total carbohydrates and 
protein) and increased energy consu
the lipid reserve being the most sensitive endpoint 
and protein the least (De Coen and Janssen 2003).   
Allocation of energy reserves has been applied as 
a biomarker of effects; yet, the present study 
questions whether energy allocation can provide a 
simple predictor of whole organism response. The 
tolerant species, Capitella sp. I, was found to 
contain a reserve of lipid, which was utilized when 
this species was exposed to a toxicant. For energy 
reserves to be a useful biomarker of effect, it 
would require that the sensitive species, sp. S, had 
shown a greater energy depletion than the less 
sensitive sp. I. However, no effect of exposure on 
energy reserves was observed for the more 
sensitive sp. S. Besides, the endpoint of both the 
CEA assay and the scope for growth (SFG) may 
be influenced by a large array of factors such as 
food quality, age, and season, some of which are 
difficult and/or time consuming to determine in 
the field. It is furthermore difficult to link 
physiological changes (such as metabolic bio-
chemical parameters) to population dynamics 
(Calow and Sibly 1990; Forbes and Calow 1996), 
as little information is available on the relation 
betwe
fecundity and developmental rates. In this context, 
Smolders et al. (2003) studied the relationship
between changes in energy budgets and integrated
condition parameters, including reproduction, in 
effluent exposed zebra fish. Though all the 
condition parameters measured correlated with
changes in energy budget, only 40% of the 
variation observed in reproduction could be
described by changes in energy budget. 
Durou et al. (2005) suggest that small and/or 
y
th
th
metabolism in small or young individuals. This 
could explain our finding that Capitella sp. I was 
more tolerant than the smaller sp. S. However, 
Gamenick et al. (1998) found 
h
s
wet wt, respectively). But what is more important 
is that sp. S in the same study was found to reduce 
its oxygen consumption with declining oxygen 
tensions. In contrast sp. I was able to maintain 
oxygen consumption independent of oxygen 
tensions through increased ventilation until a 
critical oxygen tension was reached, below which 
they switched to oxyconformity. Being such an 
oxyregulator (i.e., sp. I) and thus being able to 
keep an energetically more efficient aerobic ATP 
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production as long as possible was considered by 
the authors to be of advantage compared to the 
oxyconforming pattern seen in sp. S. This is 
consistent with the observation that Capitella, in 
particular sp. I, shows explosive increases in 
population numbers and a very fast growth when 
food quality is high (Tsutsumi 1990, Tsutsumi et 
al. 1990), as high sediment organic content often 
is associated with low oxygen tension. The above 
mentioned capabilities of Capitella sp. I to benefit 
from and cope with the surrounding environment 
are in agreement with the findings of the present 
study. This species was found to have high levels 
of stored energy, which was advantageous during 
Flu exposure for maintaining normal function, 
regardless of a proposed increased energy 
demand. 
 
 
5. CONCLUSION 
The aim of this study was to assess whether 
there is a difference in the general fitness of the 
two Capitella species and if such difference has 
any influence on the fact that sp. I is more tolerant 
than sp. S when exposed to Flu. None of the 
biochemical parameters measured would however 
have predicted that Capitella sp. S is more 
affected by Flu exposure than sp. I. Not only was 
it found that sp. I generally contains a larger 
energy reserve (in the form of lipid) than sp. S, but 
we also found that sp. I made use of the extra 
energy when exposed to Flu. This may be a trait 
that partly explains why sp. I is more tolerant, to 
PAH and other stressors, than sp. S, as sp. I has an 
additional energy source to utilize when exposed 
to stressful situations.  
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CONCLUSION AND PERSPECTIVES 
This thesis addresses the topic of species sens
sibling species (Capitella sp. 
itivity to the PAH fluoranthene in two polychaete 
I and sp. S) and is
echanisms for the observed differences in toleran
la
cogen storage. A  probably the most 
ignificant difference was found in biotransformation ability. Capitella sp. I was found to 
sily e
 bio
 Capitella sp. I and sp. S are not clear. The first 
mbrane. It is possible that the two species exhibit 
embrane compositions and thus fluidity, s
embrane in sp. S than in sp. I, which could contrib
und to
h higher degree wh
that seen in sp. I), it is possible that sp. S has a lower level of 
ctivity of an Ah receptor homologue than sp. I, 
nsfo
r may
 S are
esulte
t of b nsformation, primarily accumulated Flu 
alents in the cytosol (probably as aqueous metabolites) whereas sp. S accumulated Flu 
quivalents mainly in the membrane fraction due to the lipophilicity of the untransformed Flu. This 
branes, might cause a narcotic effect on sp. S. Such 
 the high degree of biotransformation. For future 
ate the biochemical effects (permeability/stability 
es in the two Capitella species. Also a subcellular 
istribution assay on both species exposed to higher Flu concentrations, where detrimental effects 
embrane accumulation (Flu 
apitella sp. S (no damage detectable by the comet 
ause in sp. I. This is probably due to the lower 
 focused on identifying potential underlying 
ce between the two species. This includes 
r distribution of fluoranthene, levels of DNA-
 major difference, and
m
comparisons of biotransformation ability, subcellu
damage, protein-, lipid-, and gly
s
effectively take up and biotransform Flu to ea
biotransformed Flu to a much lower degree. The
differences in biotransformation ability between
barrier for Flu to enter the cell is the cell me
different m
xcretable aqueous metabolites, whereas sp. S 
chemical mechanisms underlying the observed 
uch that Flu may bind more strongly to the cell 
ute to different levels of Flu in the cytosol and 
 biotransform to a very limited extent at 30 µg 
en exposed to 100 µg Flu/g dry 
m
subsequent biotransformation. As sp. S was fo
Flu/g dry wt sed, but did biotransform to a muc
wt sed (although not comparable to 
a which may result in less transcription of the 
rmation. Yet, it is also possible that the basal 
be absent) in sp. S compared to sp. I and that 
 only activated at higher Flu concentrations.   
d in different accumulation patterns for the 
iotra
involved CYP-gene and subsequently less biotra
level of the responsible CYP-genes is lower (o
other biotransformation-responsible genes in sp.
The difference in biotransformation ability r
Capitella species. Capitella sp. I, as a resul
equiv
e
binding of untransformed Flu to the lipid mem
an effect is less likely to occur in sp. I due to
research it is of major interest to investig
/composition) of Flu on the cell membran
d
are observed on sp. S, would contribute to the understanding of m
localization) versus biotransformation. 
Flu caused no DNA damage in the cells of C
assay) as it has previously been shown to c
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biotransformation ability of sp. S and the fact tha
much higher genotoxic potential than the parent
significant DNA damage it was not possible t
experiment would be to analyse for DNA dama
S when exposed to 10
t som
 com
o stu
ge en pitella sp. 
0 µg Flu/g dry wt sed, as it is sumed that this species would be exposed to 
e DNA damaging metabolites at this concentration.  
otein
lycog han sp. S. Neither of the biochemical 
ed (protein, glycogen or lipid) could predict that Capitella sp. S is more affected 
y Flu exposure than sp. I. Not only was it found hat sp. I generally contains a higher energy 
serve (in the form of lipid) than sp. S, but we also found that sp. I made use of the extra energy 
when exposed to Flu. Having an additional energy source to utilize when exposed to stressful 
situations might be a trait that explains why sp. I is more tolerant to PAH and other stressors than 
p. S. To support this theory, an experiment investigating the ability of the two species to utilize 
ifferent qualities of food is presently being designed. By exposing the two species to different 
degrees of organically enriched sediment, it would be possible to investigate whether Capitella sp. 
I, as hypothesized, has the greater ability to make use of the better food quality and store energy 
than sp. S, and to compare the different forms of energy storage between the two species. 
 
Overall, this study demonstrated that tolerance to PAHs (such as Flu) is greatly affected by the 
ability to biotransform, as many of the intracellular and extracellular events are influenced by the 
hydrophilicity/lipophilicity of the toxicants. Furthermore, it is clear that other aspects of PAH 
toxicity (e.g., membrane disruption) may be more relevant than DNA damage for predicting 
tolerance differences between species. Also, the fact that two so closely related species can show 
such contradictory relationships between biochemical responses and earlier observed life table 
responses demonstrates that biomarkers, such as DNA damage and energy storage depletion, cannot 
be used as simple predictors of whole organism responses to toxicants. 
 
e Flu-metabolites (i.e., phase I products) have 
pound itself. As sp. S was not subjected to any 
dy DNA repair activity. An interesting future 
d eventual DNA repair ability in Ca
as
som
Capitella sp. I and sp. S showed general differences
composition in terms of energy storage (i.e., pr
contained more lipid and less protein and g
parameters measur
 (i.e., when unexposed) in their biochemical 
, glycogen and lipid), such that Capitella sp. I 
en t
b  t
re
s
d
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